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PREFACE 


This book is a brief account of the development of the United 
States program in controlled thermonuclear reactions (Project 
Sherwood) from its inception in 1951 to the early part of 1958. 
Prepared at the request of the U. S. Atomic Energy Commission's 
Division of Information Services, the book is written mainly for 
those who have little or no familiarity with the subject, but who 
would like to become acquainted with this new and important field. 
Specifically, its purpose is to give the reader some insight into the 
origin of the program, the basic problems involved, the approaches 
being pursued in the United States, the difficulties encountered, 
the present status of the effort, and the outlook for eventual success. 

Effort has been made to present the material so that it can be 
followed by those with relatively little technical background. The 
few equations which appear have been relegated to footnotes and 
may be skipped at first reading with little loss of understanding. 
For those who wish to refresh their memories, an appendix provides 
a brief discussion of some of the basic principles of physics and 
nuclear structure essential for following the text. In addition, defini¬ 
tions of new or unusual terms are given in a glossary. 

The presentation is generally chronological. The first two chapters 
deal with fundamental matters common to all approaches being 
pursued. Chapters 3 through 8 present the basic principles of the 
major Sherwood projects and discuss the work carried out to the end 
of 1954. 

Chapter 9 is devoted to the important topic of stability, which 
came to a head late in 1954. Developments in the program from 1955 
to early 1958 are then covered in Chapters 10 through 18. Finally, 
the last chapter reviews the present status of the effort and peers just 
a bit into the future. The charts in Appendix X tabulate the features 
and characteristics of important experimental models which have 
been built. 

This short book attempts only to summarize, in “broad-brush” 
fashion, the more important developments of the controlled fusion 
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program, with particular emphasis on the experimental work. To 
avoid undue complexity in the presentation, it has been necessary, 
regrettably, to omit discussion of many side projects and supporting 
activities. Needless to say, those engaged in these efforts have con¬ 
tributed substantially to the progress of the over-all program. 

I would like to express here the great pleasure derived from my 
period of close association with the Sherwood project and those en¬ 
gaged in it. I am particularly indebted to W. R. Baker, N. C. 
Christofilos, S. A. Colgate, W. Faust, H. Grad, T. H. Johnson, P. W. 
McDaniel, R. F. Post, A. E. Ruark, E. D. Shipley, L. Spitzer, Jr., 
E. Teller, J. L. Tuck, and C. M. Van Atta, not only for their cordial 
cooperation during that period, but also for their helpful comments 
on sections of this text relating to work under their supervision. 
They and those working with them can take great pride in participat¬ 
ing in what, in my mind, is one of the most fascinating and challenging 
programs ever undertaken. 

The program also owes a debt of gratitude to AEC Chairman 
Lewis F. Strauss for his strong and continuing interest in and sup¬ 
port of the Sherwood effort, during its entire history. 

Sincere thanks an* due John A. Hall, Director of the Commis¬ 
sion’s Division of International Affairs, for allowing me to set aside 
other duties temporarily in order to write this book. Appreciation 
is also expressed to members of the Commission’s Industrial Infor¬ 
mation Branch, Technical Information Service, for their assistance 
in the preparation of this book particularly to Sidney F. Lanier, 
book project officer, and J. William Young, technical book program 
supervisor. 1 am grateful to Joseph S. Banks, the publisher’s Art 
Director, for his work on the book’s illustrations. 

Lastly, I dedicate this book to my wife, Barbara M. Bishop, for 
her patience and understanding. 

It is hoped that, thanks to cooperation from many people, this 
account is substantially accurate. I assume full responsibility for 
such errors as may occur. 


Paris, France 
June 1958 


Am asa S. Bishop 


INTRODUCTION 


It is not too much to say that man is presently engaged in one of 
the most important and challenging programs of scientific research 
and development that has ever been undertaken. 

From the beginning of history, energy has played an important 
role in the development of civilization. Starting with fire, the harness¬ 
ing of each new and improved source of energy has resulted in sig¬ 
nificant advances in technology and has opened new vistas toward 
the future. The industrial revolution of the last century, for example, 
was founded in large part on harnessing the fossil fuels, coal and oil, 
for useful purposes. Subsequent developments continuously and 
rapidly expanded their use to provide heat, power, and propulsion. 

Ever-increasing energy requirements have spurred world-wide 
exploration for these fuels. In spite of extensive exploration, however, 
the practical resources of conventional fuels are dwindling at an 
alarming rate, especially in the older industrial areas. Nuclear 
power from the fission of heavy elements will help to meet the needs 
of this energy-hungry world for a time, and intensive effort is being 
devoted to the practical application of fission energy. However, 
the world reserves of even the fissionable fuels appear to have their 
limits. 

It is therefore highly significant, and indeed fortunate, that a 
vast new source of energy looms on the horizon—the energy of 
nuclear fusion . While the problems associated with the controlled 
release of fusion energy are staggering in magnitude, the rewards 
to be gained are of comparable size. If present efforts are successful, 
man will have found the ultimate solution to one of his most pressing 
problems. He will have developed a new and practical source of 
energy which will meet his needs, not for just the next hundreds or 
thousands of years, but for as far into the future as he can see. 
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CHAPTER 1 


BASIC PRINCIPLES OF CONTROLLED FUSION 

It has been known for many years that energy may be released 
by modifying the structure of certain atomic nuclei.* In one 
method— the well-known process of nuclear fission—release of energy 
results from the splitting of heavy nuclei into lighter fragments. An 
alternative and potentially much more important method is the 
combination of certain very light nuclei into heavier components. 
This method is called the process of fusion. 

As background for the discussions later in the book, this chapter 
will be devoted first to comparing briefly the processes of fission and 
fusion, then to considering the potential advantages associated with 
the latter process, and finally to discussing the basic requirements 
for achieving the controlled release of fusion energy. 

The Process of Fission 

The key ingredients of the fission process are the nuclei of certain 
very heavy elements at the upper end of the periodic table, such as 
uranium-235 and plutonium. A neutron, because it has no charge, 
can easily penetrate into any such nucleus. Its presence can cause 
the nucleus to become highly unstable and to undergo fission—that 
is, to split into two smaller fragments of roughly comparable size 
(see Fig. 1-1). In the process, several additional neutrons are re- 



Fig. 1-1. The Fission Process. The entry of a neutron (n) into a U 235 
nucleus causes the latter to split into two fission products (F.P.) of roughly 
equal size. Several neutrons are emitted in the process. 


* A brief and elementary review of several topics in atomic and nuclear 
structure is given in Appendix I. 
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leased which, in turn, can cause other nuclei to undergo fission. If 
care is taken to minimize the loss of neutrons in nonproductive proc¬ 
esses, it is possible to perpetuate a chain reaction. 

In each fission process, some 200 million electron volts (200 Mev) 
of energy is released as a result of the conversion of mass into energy. 
The total mass of the product nuclei is less than that of the original 
nuclei, and the difference in mass is converted to energy.* 

The released energy appears principally as energy of motion of the 
fission fragments and produces heat in the surrounding materials. 
In the case of a self-sustaining chain reaction (as in a nuclear reactor), 
large amounts of heat may be produced. By passage of a suitable 
coolant through the reactor, the heat produced can be continuously 
removed and used to generate electric power. 

The Process of Fusion 

In the fusion process, on the other hand, the basic principles are 
in many respects just the opposite of fission. Here the key ingredients 
are the nuclei of certain very light elements, i.e., elements at the low 
end of the periodic table. The combination (or fusion) of such 
particles to form heavier and more tightly bound nuclei can result 
in the release of significant amounts of nuclear energy. Fusion re¬ 
actions of this type are, in fact, responsible for the enormous energy 
generated in the sun and other stars. (A brief description of stellar 
processes is given in Appendix III.) 

It is important to recognize that, in the fusion process, each of 
the interacting nuclei is positively charged. As a result, they strongly 
repel one another, f In order for two nuclei to coalesce, they must 

* The relationship between mass M and energy E is given by Einstein's 
well-known formula, E — Me 2 , where c is the velocity of light. If the 
mass is given in grams and c in cm/sec, then the energy is expressed in 
ergs. [One electron volt (ev) = 1.60 X 10~ 12 erg.] 

f The force of repulsion F between two nuclei possessing charges of Z\e 
and Z 2 e is given by 

p Z\Zi 2 
r 2 

where e is the electronic charge, Z\ and Zj 2 are the atomic numbers of the 
nuclei, andr is the distance between them. 
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be made to collide with high enough relative velocity to overcome the 
barrier of electrostatic repulsion which tends to keep them apart. 
As would be expected, the magnitude of the barrier increases with 
increase of charge on the interacting nuclei. To keep the barrier 
as low as possible in fusion experiments, it is desirable to select a 
fuel with low nuclear charge. 

The element with the lowest atomic number is hydrogen, with its 
two other iostopes, deuterium and tritium (see Appendix I). Of 
these isotopes, hydrogen is by far the most abundant; deuterium 
occurs in nature with an abundance of about one part in six thousand 
of hydrogen; tritium, however, is a radioactive isotope which is 
virtually nonexistent in nature and must be manufactured. Hydro¬ 
gen itself, while constituting the fuel in stellar processes, is not suit¬ 
able for practical fusion reactions on Earth; it undergoes fusion at a 
much slower rate than would deuterium or tritium under the same 
conditions. These latter isotopes, however, are of great interest as 
fusion fuels. A reaction of primary importance is 

D + T -> He 4 + n + 17.6 Mev. 

Here a deuterium nucleus (designated by the symbol D and con¬ 
sisting of a proton and one neutron) undergoes fusion with a tritium 
nucleus (designated by T, and consisting of a proton and two 
neutrons). In this reaction, a helium-4 nucleus and a neutron are 
produced, and 17.6 Mev of energy is released (Fig. 1-2). 

A reaction of even greater interest (since it involves deuterium 
alone as fuel) is the fusion of two deuterons. Here there are two 
reactions which may occur with roughly equal probability: 

He 3 + n + 3.2 Mev 

D + D< 

* T 4" P ”b 4.0 Mev 

It is seen that, in each of the above fusion reactions, energy is 
released. As was the case for the fission process, the released energy 
results from a transformation of mass into energy: the total mass of 
the product nuclei (on the right side of the arrows) is less than the 
mass of the interacting nuclei (on the left side), and the difference 
in mass has been converted to energy. While the energy released 
in the above fusion reactions is appreciably less than that released 
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in a fission reaction, the energy yield per unit mass of fuel (per gram, 
say) is slightly greater from fusion than from fission. 

It may be shown that the initial energy required by the interacting 
particles to overcome the barrier of electrostatic repulsion is only 
0.1 Mev or less. Since the energy released in the above reactions lies 
between 3 and 18 Mev, the net energy gain in any one fusion process 
is appreciable. This gain appears in the form of kinetic energy of the 
reaction products, the lion's share going to the lighter of the two 
nuclei. If the number of fusion reactions can be made sufficiently 
large, useful amounts of net energy will be released and may be 
harnessed for practical purposes. 

Advances Associated with Controlled Fusion Power 

The ultimate goal of the Sherwood program, of course, is the 
production of economic power from the controlled release of fusion 
energy. While, as we shall see, the problems to be solved are of 
enormous difficulty, it is clear that success in this field would consti¬ 
tute an achievement of the greatest significance. The following are 
several of the more important advances which may be anticipated if 
controlled fusion should prove feasible. 

Unlimited energy source 

Of primary interest is the fact that if man can learn how to achieve 
the fusion of deuterium under controlled conditions, an energy source 
virtually without limit will be within his grasp. As already mentioned, 
deuterium occurs naturally in nature, with an abundance of about 
one part in six thousand of hydrogen. The total amount of deuterium 
in the oceans is estimated to be about 10 17 pounds. It may readily 
be shown that the energy content of this fuel has a value of some 
10 20 kilowatt-years. Thus at the current rate of energy consumption 
(about 5 X 10 9 kilowatts), there would be enough deuterium on 
the Earth to provide a source of energy for some twenty thousand 
million years! 

Moreover, the cost of this fuel is negligible. Even with present 
means of extracting deuterium from water, its cost per unit of fuel 
value is but a tiny fraction of the cost of conventional fuels. To be 
more specific, the amount of deuterium in a gallon of water is about 
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(a) The D-T Reaction 


Either 



Fig. 1-2. The Fusion Process. Part (a) shows 
the reaction between deuterium and tritium nuclei; 
part (b) illustrates the two possible reactions which 
may occur between deuterium nuclei alone. 
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i of a gram, and the cost of its extraction would be less than 4 cents. 
However, its energy content, if it were burned as a fuel in a fusion 
reactor, would be the equivalent of some 300 gallons of gasoline. 

Inherent safety 

A second important feature is that a controlled fusion device is 
expected to be inherently safe. Since only very small amounts of 
fuel would be within the reactor at any instant of time, there would 
be no possibility of an explosion or a “runaway” reaction. 

Nonradioactive reaction products 

A third consideration is that, in contrast to the case of fission, a 
fusion reactor would present no problem of disposal of radioactive 
fission products. 1 he products of fusion, if the nuclear burning were 
carried to its proper completion, would consist of nonradioactive 
nuclei only. (This is not to say, however, that the controlled fusion 
reactor itself would be free from radioactivity. The intense flux of 
neutrons produced in the fusion process would cause the surrounding 
structural materials to become highly radioactive, and adequate 
shielding would be required.) 

Direct generation of electricity 

An additional point of potentially great significance is the fact that, 
in principle at least, a controlled fusion device offers the possibility 
of direct generation of electric power. Such an achievement could 
eliminate the costly and inefficient stage of a heat cycle. 

Basic Requirements for Achieving Controlled Fusion 

Before this tantalizing source of energy can be tapped, however, 
there are many formidable difficulties to be overcome. To grasp 
the magnitude of these difficulties, it is desirable to discuss below 
some of the basic requirements in achieving the controlled release of 
fusion energy. 

High temperatures 

In contrast with the fission process, exceedingly high temperatures 
(hundreds of millions of degrees) are required for fusion reactions. 
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The necessity for these temperatures is the following. For fusion to 
occur, two nuclei must come sufficiently close to each other that 
short-range nuclear forces may interact, permitting the particles to 
coalesce. We have already seen that because of the positive charge 
on the nuclei they tend to repel each other strongly. To overcome 
this force of repulsion, they must be made to collide at rather high 
velocities. Even then, it is far more probable that the nuclei will 
rebound (scatter) elastically than that they will undergo fusion. The 
nuclei must therefore be confined somehow in a region where they 
can approach each other time and time again until fusion eventually 
takes place. 

The above condition of having the particles in a confined region 
and moving at high kinetic energies randomly with respect to one 
another may be described by saying that the particles have a high 
temperature. The kinetic energies which the nuclei require to over¬ 
come the force of repulsion and begin to fuse together correspond to 
temperatures of 100 million degrees Kelvin or higher—temperatures 
even higher than those in the interior of the sun.* 

Rather low density 

At the extremely high temperatures required for fusion, all the 
fuel atoms are entirely stripped of their electrons. The result is a 
wholly ionized gas, or “plasma,” consisting of charged nuclei and 
electrons in rapid random motion. This gas exerts an outward pres¬ 
sure against the “walls” which confine it. To keep the plasma pressure 
within reasonable bounds at such high temperatures, the density 
of the gas must be kept rather low—of the order of 10 15 particles 
per cubic centimeter in most cases. A gas of this density, correspond¬ 
ing to approximately 1/10,000 the density of the atmosphere, is 
generally considered to be practically a vacuum. 

It must be pointed out, however, that the density must not be too 
low; otherwise, as we shall see, the rate of energy generation per unit 

* The relationship between energy and temperature is the following: 1 ev 
of energy corresponds to 1.16 X 10 4 degrees Kelvin. Thus 10 kev (kilo- 
electron volts) corresponds to roughly 100,000,000°K. (In the Kelvin, or 
absolute, scale of temperatures, the zero is approximately —273° Centi¬ 
grade. Thus, at these high temperatures, there is almost negligible dif¬ 
ference between the Kelvin and Centigrade scales.) 
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volume from fusion reactions will be too small to be of practical 
interest. In general, the density will fall in the range from 10 14 to 
10 18 particles per cubic centimeter. (From here on in this book, if 
the density of a plasma falls in the lower end of this range, or below, 
it will be called a “low-density plasma”; if at the upper end, a “high- 
density plasma.”) 

Self-sustaining process 

A third requirement of any useful fusion device is that the reaction 
be self-sustaining. That is to say, once the plasma temperature has 
been increased to the point at which nuclear fusion occurs at an ap¬ 
preciable rate, the energy released in the plasma (not counting that 
carried off by neutrons) must be at least sufficient to maintain that 
temperature. 

The rate of energy generation in a hot plasma may be computed 
rather easily.* Its value ( P g ) is found to increase rapidly with in¬ 
creasing temperature of the plasma, as shown in Fig. 1-3. 

Counterbalancing this rate of energy generation are various 
mechanisms of energy loss from the reaction region. Radiation from 
the plasma itself is one of the most important. Here it must be noted 
that the particle densities in fusion devices are far too low to permit 
radiation equilibrium. As a result, the dominant radiation process 
will be by ordinary “bremsstrahlung,” i.e., the radiation resulting 

* The essence of the matter is the following. Consider a fully ionized gas 
of identical nuclei (nothing but deuterons, for example). The probability 
per unit time that a deuterium nucleus will undergo a fusion reaction is 
simply equal to nav, where n is the density of plasma nuclei, v is the velocity 
of the nucleus under consideration, and a is the “cross section” for a fusion 
reaction. (The variation of cr with particle energy is shown in Fig. 1-4 for 
several reactions of interest.) Taking into account now all the interacting 
nuclei, the total reaction rate is equal to %n 2 av, where the J has been in¬ 
serted to avoid counting the same interaction twice, and where the bar 
over the (or) term takes into account the fact that the velocities of the 
particles are not all the same but will have, in general, a Maxwellian dis¬ 
tribution corresponding to the temperature of the plasma. The total 
energy generated per cubic centimeter per second is then seen to be simply 
Pg = i™ 2 <™2?o, where E o is the energy released in each fusion reaction. 
For temperatures below one hundred million degrees Kelvin, the quantity 
dv increases very rapidly with plasma temperature. 
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Fig. 1-3. Power Generated vs. Plasma Tem¬ 
perature. The graph shows the total power gen¬ 
erated (P g ) per cubic centimeter for both the D-T 
and the D-D reactions as functions of temperature. 
Also shown is the power radiated (P r ). For a given 
reaction to be self-sustaining, the energy released in 
the plasma (not counting that carried off by the 
neutrons) must be sufficient to maintain that tem¬ 
perature. Thus the reaction will be self-sustaining 
only above a certain critical temperature (the 
so-called “ignition temperature”) which is about 
400 million degrees for the D-D reaction and about 
45 million degrees for the D-T reaction. (The 
curves are for plasma densities of about 10 15 
particles/cm 3 .) 
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from constant collisions between rapidly moving charged particles, 
chiefly electrons colliding with ions. The rate at which energy is 
radiated by this process is found to vary with the square root of the 
temperature.* 

Clearly, no isolated plasma can maintain high temperatures if it 
radiates energy away faster than it produces it. If the system is to 
be self-sustaining, the power P g generated within the plasma must 
be greater than the power P r that it radiates away. 

As seen from Fig. 1-3, both P g and P r are increasing functions of 
the temperature. Fortunately, however, P g increases more rapidly 
than P r - As a result, a certain critical temperature will exist above 
which the reactions may be considered self-sustaining. In the case 
of the D-D reaction, this so-called “ignition temperature” is about 
400,000,000°K. For D-T reactions, it is appreicably lower, of the 
order of 45,000,000°K. 


High plasma purity 

Another significant point, seen immediately from the equation for 
P r , above, is that the presence in the plasma of any heavy nuclei 
(i.e., nuclei with high Z-values) will increase enormously the rate of 
energy radiation and correspondingly increase the critical tempera¬ 
ture. This illustrates again the necessity for choosing as fuel a 
material with as low a Z-value as possible. Still more important, it 
illustrates the necessity for maintaining the plasma at high purity 
and of avoiding even minute amounts of heavy-nuclei contaminants. 


Adequate confinement 

A fifth (and major) requirement is to provide a suitable means of 
confining the hot plasma in a given region for a sufficiently long time 


* Power radiated by bremsstrahlung ( P r ) may be shown by wave me¬ 
chanics to be 

Pr = 1.42 X 10~ 27 Z 2 mn e T 112 _£!!!_, 

cm^-sec 

where rii and n e are the number of nuclei and electrons per cubic centimeter, 
respectively, Z is the atomic number of the nuclei present, and T is the 
temperature (in degrees Kelvin). 

For hydrogen isotopes, rii = n e and Z = 1, and hence 


Pr 


1.42 X 10 ~ 27 n 2 iT V2 


ergs 
cm 3 -sec 
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Deuteron Energy, kev 


Fig. 1-4. Fusion Cross Section vs. Deuteron 
Energy. The variation in fusion cross section as a 
function of deuteron energy is shown for both the 
D-T and the D-D reactions. The probability of 
fusion is seen to be very small at low energies, but 
rises rapidly as the energy of the interacting parti¬ 
cles increases toward 100 kev. 
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that an appreciable fraction of the nuclei may fuse together. At these 
high temperatures, the plasma nuclei move with enormous speeds 
and will travel many thousands of miles on the average before under¬ 
going fusion.* Clearly the particles cannot be permitted simply to 
rebound back and forth between the walls of the vessel, for each 
collision would transfer energy to the walls. Interestingly enough, 
the problem is not so much that the walls would vaporize; with 
plasma densities in the range of 10 14 to 10 18 particles/cm 3 , the 
energy content of the gas is actually too low to do much damage. 
Instead, the difficulty is that the plasma would be cooled as a result 
of its contact with the walls, and the reaction would be quenched. 
Some satisfactory method must therefore be found to confine the 
plasma particles to the interior of the vessel and to prevent them from 
striking its walls. 

In the case of the sun and other enormous stellar bodies, forces 
of gravitation are effective in confining the plasma particles and in 
preventing their escape from the hot region. For laboratory experi¬ 
ments on Earth, however, gravitational forces are much too weak to 
be of practical value. 

As will be seen in the next diaper, by far the most promising solu¬ 
tion to the problem of particle containment appears to be the use of 
magnetic fields. Such fields can, in effect, exert a pressure on the 
charged particles of a plasma and may thus be used to “insulate” 
the walls of the vessel from the hot gas inside. 

Even under optimum conditions, however, this insulation will be 
far from perfect, and after a limited period of confinement high-energy 
particles will penetrate through the magnetic field and escape. In a 
practical thermonuclear device, this period must be sufficiently long 
that the particles have a reasonable chance of undergoing fusion. A 
useful figure-of-merit in this respect is the quantity nr, where n is 
the plasma density and r the period of confinement. It may be shown 
that for any practical fusion device using deuterium as fuel, the 
product nr must be greater than about 10 16 (where n is expressed 

* The average distance an ion will travel before undergoing fusion (gen¬ 
erally called the “mean free path” for fusion and designated by X) is given 
by the relationship X = l/na, where n is the particle density and a is 
the cross section for fusion (see Fig. 1-4). For densities of 10 15 particles/ 
cm 3 and a cross section of 10 -25 cm 2 , X is 100,000 kilometers. 
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in particles/cm 3 and t in seconds). Thus, for a density of 10 15 
particles/cm 3 , the period of confinement of individual particles must 
be 10 seconds or more. If the densities can be increased to 10 18 
particles/cm 3 , a confinement time of one-hundredth of a second may 
be sufficient. 

If a mixture of deuterium and tritium is used as fuel, the require¬ 
ments are somewhat more relaxed. For this case, nr must be greater 
than about 10 14 , and the required periods of confinement are corre¬ 
spondingly reduced by a factor of about 100. 


Development of useful power 

A final requirement is to extract the energy released in the fusion 
process and convert it to useful power. If an equal mixture of deu¬ 
terium and tritium is used as fuel, the great majority (80%) of the 
released energy appears as kinetic energy of the neutrons. To recover 
it, the neutrons must be slowed down in a suitable moderator outside 
the discharge chamber. The heat thereby generated in the moderator 
can be removed by a suitable coolant and used to generate electrical 
power through a heat cycle. 

If deuterium alone is used as fuel, the picture is somewhat different. 
Here only about one-third of the released energy is transferred to the 
neutrons, the remainder going to the charged reaction products. If 
the magnetic field is sufficiently strong, these charged particles will 
be retained by the confining field, and their kinetic energy could, in 
principle, be transformed directly into electrical power. 

There are a number of ways in which such a transformation could 
be envisaged. Imagine, for example, a plasma confined by a strong, 
externally generated magnetic field. If, now, the field strength were 
to be slightly increased, the plasma would be somewhat compressed 
and its density increased. Since the rate of power generation goes up 
with the square of the density (see page 8), the plasma temperature 
and pressure would rise rapidly, causing the plasma to expand 
against the magnetic confining field. The resultant variation in the 
magnetic field could in turn induce voltages in adjacent circuits and 
I bus permit the direct generation of electricity. 

However, this concept of direct power generation, while appealing 
in principle, may well be difficult or uneconomical in practice. 
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Recapitulation 

The major requirements of any controlled thermonuclear device 
may thus be summarized in the following way: one must (a) select a 
suitable fuel (such as deuterium, or a mixture of deuterium and 
tritium), (b) ionize and heat it to a temperature of a hundred million 
degrees or more, (c) confine the resulting plasma at this temperature 
long enough to allow a substantial portion of the nuclei to undergo 
fusion, and finally, (d) harness the released energy and convert it to 
usable power. 

As we shall see in the forthcoming chapters, the problems associ¬ 
ated with meeting these requirements are by no means trivial. 


CHAPTER 2 


THE PROBLEM OF CONFINEMENT 

Early thoughts concerning fusion 

In the United States, interest in the possibility of controlled 
fusion dates back even prior to the end of World War II. From 1944 
to 1946, frequent and lively discussions of the subject were held 
among scientists assembled at the Los Alamos Scientific Laboratory 
—particularly E. Fermi, E. Teller, J. L. Tuck, S. Ulam, J. Wheeler, 
and R. R. Wilson. Most of the basic principles, if not already 
known, were formulated at that time, and a number of suggestions 
were made for achieving thermonuclear conditions.* While many of 
these suggestions were highly ingenious, all failed—for one subtle 
reason or another—to meet adequately the basic requirements of a 
controlled fusion device. 

Need for magnetic confinement 

One of the major stumbling blocks was finding a suitable method 
of plasma confinement. As indicated in Chapter 1, this complication 
arises from the fact that plasma particles will travel enormous dis¬ 
tances, on the average, prior to undergoing fusion. 

Of the many possible methods of plasma confinement, by far the 
most promising (if not the only) solution appears to be the use of 
magnetic fields, f Since magnetic fields, properly applied, may well 

* One concept, investigated theoretically by Tuck and Ulam, was to 
produce heating and (momentary) confinement of a deuterium plasma by 
causing jets of deuterium to collide at very high velocity. Attempts were 
even made, albeit unsuccessfully, to explore this concept experimentally. 

f While not unequivocally ruled out, the use of electric fields for confine¬ 
ment does not appear to be feasible. The major deterring factor is that 
an electric field exerts oppositely directed forces on the electrons and 
positive ions of the plasma; if made to confine one component, the other 
would tend to escape. Another factor is the limited density achievable. 
Numerous proposals have been made for plasma confinement by electric 
fields, but none appears to have sufficient merit to warrant serious con¬ 
sideration. Other methods of confinement have also been suggested (see 
Appendix IV), but not found suitable for one reason or another. 
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provide the key to the achievement of controlled thermonuclear 
reactions, an elementary knowledge of the behavior of charged par¬ 
ticles in such fields is essential to an understanding of the chapters 
which follow. A brief discussion of this matter is therefore presented 
here. 

Behavior of particles in a uniform magnetic field 

Consider a group of charged particles in a vessel of some kind, as 
in Fig. 2-1 (a). In the absence of a magnetic field, the particles will 
move in straight lines and immediately strike the walls of the vessel. 
If, however, a homogeneous (uniform) magnetic field is applied, as 
indicated in Fig. 2-1 (b), the paths of these same particles will now 
be bent into tight helices encircling the lines of force of the magnetic 
field. As a result, the particles are not free to move across the mag¬ 
netic field lines to the vessel walls; each is, in essence, "tied” to a 
line of force about which it revolves at a radius which depends in¬ 
versely upon the magnetic field strength. The stronger the field, the 
smaller is the radius of curvature of the particle. 

The only way now in which a particle can “diffuse ” or move out¬ 
ward across the magnetic field is by means of a series of collisions with 
other particles; at each collision the particle’s center of curvature 
may shift from one line of force to another, as shown in Fig. 2-1 (c). 
The rate of diffusion across the magnetic field as a result of these col¬ 
lisions can be computed accurately. It turns out that the diffusion 
rate is inversely proportional to the square of the magnetic field 
strength (i.e., it varies as 1 /B 2 , where B denotes the magnetic field 
strength). This relationship is extremely significant, for it shows 
that if a hot plasma is confined in a stable way by a magnetic field, 
the rate of particle diffusion toward the walls may be greatly reduced 
simply by increasing the strength of the magnetic field. 

Fig. 2-1. Effect of a Magnetic Field on 
Charged Particles. In (a), with no field present, 
the particles can move in straight lines to the walls 
of the vessel. In (b), with a homogeneous field 
parallel to the axis, each particle travels in a helical 
orbit encircling some line of magnetic field. It 
cannot move across the field toward the vessel walls 
except as a result of a series of collisions with other 
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particles, such as shown in (c). Here, as a result of a 
collision at point A, the center of curvature of the 
particle may shift from one line of force to another. 
I n (d) the motion of a particle in a nonhomogeneous 
magnetic field is shown. Because of the continual 
change in its radius of curvature, the particle will 
process up or down, depending upon its charge. 
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The concept of magnetic pressure 

From the above, it is seen that the presence of a magnetic field 
can act to confine a plasma within a given region and to impede the 
outward flow of plasma particles across the lines of force to the walls 
of the vessel. In essence, it may be considered as a means of exerting 
pressure directly upon the plasma. Under thermonuclear conditions, 
the plasma behaves much like an ordinary gas, and exerts an out¬ 
ward pressure whose magnitude increases directly with temperature 
and density in the usual way. If the plasma is to be confined, its 
outward pressure P p must not exceed the inward pressure Pb which 
the magnetic field is capable of exerting* (see Fig. 2-2). The ratio 
of these two pressures will be denoted by the symbol p. With mag¬ 
netic field strengths available in the laboratory, it is possible, in 
principle, to confine a gas at temperatures and densities which will 
yield significant amounts of power from the fusion reaction. 

It is, however, essential to point out that if the mechanism of 
confinement is to be adequate, it must be a stable one. That is to 
say, it must not be possible for the plasma particles, acting collec¬ 
tively, to develop an instability that would permit them in some 
manner to push aside the magnetic lines of force and squirt rapidly 
to the walls of the vessel. From the outset of the program, there 
were indications that the success or failure of the Sherwood effort 
might well hinge on this question of stability. 

Motion of particles in a nonuniform magnetic field 

In preparation for later discussions, a brief comment should be 
made here concerning the behavior of charged particles in non- 


* Since the plasma acts like a normal gas, P p — nkT, where n is the par¬ 
ticle density, T is the temperature in °K, and k is Boltzmann’s constant. 
The maximum inward pressure the magnetic field is capable of producing 
is given by B 2 / St, where B is the magnetic field strength in gauss. The 
ratio of these two pressures is denoted by P, where p = nkT/(B 2 /Sir). 
This quantity will be used often throughout this book. 

Since the rate of energy generation is proportional to n 2 (and hence to 
P 2 from the above relation), it is desirable to have as large a /3-value as 
possible. The maximum value of P is 1; for this case, the diamagnetism 
of the plasma particles would exclude the confining field completely. 
(See Appendix I.) 
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Fig. 2-2. Balance of Magnetic and Plasma 
Pressures. The plasma behaves much like a nor¬ 
mal gas, exerting an outward pressure P p = nkT. If 
the plasma is to be confined, its outward pressure 
must be counterbalanced by an inward pressure of 
the magnetic field. The maximum pressure Pb that 
the magnetic field can exert is given by B 2 /Sir, 
where B is the field strength. The ratio of the two 
pressures is denoted by p. 
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uniform (nonhomogeneous) magnetic fields. Figure 2-1 (d) shows in 
cross section a tube in which the magnetic field strength decreases 
from left to right. Now, a particle moving in a plane perpendicular 
to the magnetic field will no longer follow a simple circular path; 
because of the continual change in its radius of curvature, the par¬ 
ticle will precess slowly upward or downward, depending upon its 
charge. 

Problem of the ends; various U. S. approaches 

The above discussions have considered only the motion of the 
charged particles across magnetic field lines. The motion of these 
particles along the lines of force, on the other hand, is completely 
unimpeded. Special configurations of the magnetic field must there¬ 
fore be employed to prevent hot plasma particles from escaping 
out the ends of this route. A number of such configurations have 
been proposed, and they form the basis for the various approaches 
which have been pursued in the United States. 

Specifically, the major experimental effort has been based upon 
three different methods of plasma confinement: 

The pinch concept, in which the confining magnetic field is produced 
by internal currents within the plasma itself. Work on this concept 
has been carried out at the Los Alamos Scientific Laboratory* 
(LASL) in New Mexico, and at the University of California Radia¬ 
tion Laboratories (UCRL) in Livermore and Berkeley, California. 

The stellarator concept, in which the plasma is confined in an end¬ 
less tube (i.e., one which closes on itself) by means of an externally 
imposed magnetic field along its axis. The stellarator approach has 
been pursued at Princeton University in New Jersey. 

The magnetic mirror concept, in which the plasma is confined in a 
straight tube by means of an externally imposed axial magnetic field, 
with magnetic mirrors to inhibit the loss of particles out the ends of 
the tube. This approach was developed initially at UCRL, Liver¬ 
more, and has been subsequently incorporated to some extent in the 
programs at Los Alamos, at the Oak Ridge National Laboratory 
(ORNL) in Tennessee, at the Naval Research Laboratory (NRL) 
in Washington, D. C., and elsewhere. 


* An AEC laboratory operated by the University of California. 
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Fig. 2-3. Locations of Sherwood Activity. 


In addition to the extensive work carried out on the approaches 
listed above, other methods of plasma confinement have been pro¬ 
posed and explored to a somewhat lesser extent, for example the 
cusped-geometry concept at Los Alamos and New York University, 
the astron concept at UCRL, and the rotating plasma concept at 
UCRL, Los Alamos, and Oak Ridge. 

Each of these approaches will be described in some detail in the 
chapters that follow. 
































CHAPTER 3 


THE PINCH PROGRAM (PART I) 

A. From Inception to Mid-1953 

Basic principle of the pinch concept 

The basic principle of the pinch approach is the interaction between 
a current in a gas and the magnetic field produced by this same 
current. This interaction may be seen as follows: suppose that a 
large current is induced in a gas in some suitable container, such as the 
toroid shown in Fig. 3-1. As the current builds up, it produces its 
own magnetic field, the lines of which encircle the current. This mag¬ 
netic field, in turn, interacts with the fast-moving particles of the dis¬ 
charge, exerting on them an inwardly directed force which tends to 
make them constrict, or “pinch, ” to a dense, hot filament of current 
at the center of the tube. 

Early theoretical studies 

Historically, the concept of the pinch effect in a plasma dates back 
to 1934, when W. H. Bennett published a theoretical paper in which 
he predicted the “self-focusing” or constriction of a stream of rapidly 
moving charged particles. Unfortunately, this work went almost un¬ 
noticed. It was followed in 1937 by an independent paper by L. 
Tonks, in which he predicted the same constriction, calling it the 
“pinch effect.” Except for a related article in 1939 by Tonks and 
W. P. Allis, little attention was given this topic during the sub¬ 
sequent decade. 

However, with the awakening of interest after the war in the pos¬ 
sibility of achieving controlled fusion, a number of people recognized 
independently that the pinch concept might provide the ideal system 
of confining a plasma and heating it to high temperatures. The mag¬ 
netic lines of force encircling the discharge should be effective in in¬ 
sulating the plasma particles from the walls of the discharge tube. 
In addition, the very process of current buildup and constriction 
could be expected to provide a method of heating the plasma. It 
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(a) Beginning of the Discharge 



(b) Fully Formed Pinch 


Fig. 3—1. The Pinch Effect. As current 
enters the tube under the influence of the voltage 
induced in it, an encircling magnetic field begins to 
form. This field exerts an inward force on the mov¬ 
ing charged particles of the plasma, pinching them 
to the center of the tube and thereby tending to 
“insulate’’ the plasma from the walls of the tube. 
This compression also raises the plasma tempera¬ 
ture. 
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seemed reasonable to hope that a pinched discharge might achieve 
high densities and temperatures to produce appreciable fusion of the 
plasma ions. 

From simple theoretical considerations, however, it was clear that 
enormous currents (of the order of millions of amperes) would be 
required in order to achieve thermonuclear conditions.* Clearly, to 
produce and sustain currents of this magnitude continuously would be 
extremely difficult, if not impossible. It was, however, reasonable to 
think in terms of producing large currents intermittently , that is, in 
pulses which might last but a small fraction of a second. 

Early experimental work 

In any case, this approach seemed worthy of serious consideration. 
Indeed, experiments had been initiated in England during 1950 and 
1951 by A. A. Ware, P. C. Thonemann, and others to investigate 
the mechanism of the pinch. Their results provided encouraging ex¬ 
perimental evidence of the self-constricting properties of a high- 
current discharge. 

In the United States, work on this concept was first undertaken by 
J. L. Tuck at Los Alamos. Tuck had long been intrigued by the pos¬ 
sibility of controlled fusion and had continued to speculate on this 

* By balancing the outward gas pressure of the plasma against the con¬ 
fining pressure exerted inwardly by the self-magnetic field of the discharge, 
one may derive the following relationship: 



or 

I 2 = 200t rr 2 nkT, 

where I = the current in amperes, r — the radius of the pinch, n = 
density of particles in the pinch, T = temperature in °K, and k = Boltz¬ 
mann’s constant (= 1.38 X 10 -16 erg/°K). If a is the cross section of 
the pinch (= 7 rr 2 ), A the cross section of the discharge tube, and N the 
initial density before pinching, then an = AN, and 

I 2 = 2.76 X 10 -14 ANT. 

From this relationship, it is seen that in order to reach temperatures of, say, 
10 8 °K under reasonable pinch conditions (.1 = 400 cm 2 , N = 10 15 par- 
ticles/cm 3 ) a pinch current of more than a million amperes is required. 
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il»ji • I as a sort of hobby. Early in 1952, he began a small experi- 

.it id project to confirm and extend the published work of Ware. 

I lie first experimental model, which Tuck characteristically called 
I'« i hapsatron,* used a doughnut-shaped discharge chamber sev- 
- il loot in diameter. When a capacitor bank was discharged through 

.I coupled to this toroid, a large pulse of current (tens of thou- 

iml of amperes) was induced in the gas contained in the chamber. 

I In purpose of this experiment, which went into operation in the 
i dl of 1952, was to create a highly ionized pinched discharge and 
••hilly its properties. 

I’mdiction of instability and subsequent verification 

I \ m prior to its operation, however, theoretical studies carried 
mil by M. 1). Kruskal and M. Schwarzschild gave evidence of a severe 
mipending difficulty. Working at Princeton, but with full knowledge 
mI I nek’s activities, they succeeded in showing that a pinched dis- 

• lunge is subject to an inherent and violent instability. The way in 
In* h (his instability arises is shown in Fig. 3-2. Suppose, for ex- 

Minple, (hat a small kink should develop in the discharge. It is 
i hen cm that the density of magnetic field lines on the inside of the 
l. ink (the concave side) would become greater than that on the con- 
• ide, thereby producing a net magnetic force which would cause 
lb* kink to grow rapidly in magnitude. It would be expected, there- 
i mi«■ Ih; 1 1 the pinched plasma would shoot to the walls within just 
- lew microseconds, dissipating part of its energy there arid cooling 
ilie discharge. 

I he correctness of this ominous prediction was verified at Los 
U uiios shortly after the Perhapsatron was put into operation. Ex- 
P* ninc.ils showed that upon applying the voltage of the capacitor 
I* ink n brilliant discharge was produced in the toroidal tube, which 

• tpidly contracted to a finely pinched filament of current at the 

• cnlei No sooner had the pinch formed, however, than it disap- 
i" ned, and the tube appeared to glow throughout its volume. To 
d* leimme exactly what was happening, special “image-converter” 

• mieias were used to photograph the discharge at any desired 

* in response to a sceptic, who, upon learning the ultimate purpose of 
il" iip|uinttus, laughingly called it an “impossibilitron.” 
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stage of development.* By taking a series of photographs at succes¬ 
sively delayed instants of time, it was possible to observe the con¬ 
traction of the discharge and the subsequent onset of kink instabili¬ 
ties which caused the discharge to thrash violently about the tube, 
dissipating its energy at the walls. 

Possible lines of attack 

In spite of these discouraging results, interest in the pinch effect was 
by no means abandoned. The simplicity of the approach was very 
appealing, and there was hope that, by one means or another, a 
suitable solution to the problem would be found. There were, in 
fact, several possible alternatives which could be explored: 

(a) One could seek some way of stabilizing the pinched discharge, 
that is, of preventing the onset of kink instability. If no suitable 
mechanism of stabilization could be found, then 

(b) One could accept instability as a fact of life, and attempt in¬ 
stead to increase the temperature and density of the plasma as 
rapidly as possible to thermonuclear conditions. It seemed reason¬ 
able to think that if the plasma could be heated fast enough appre¬ 
ciable nuclear burning might be achieved prior to the onset of in¬ 
stabilities. If neither of the above alternatives was feasible, then 

(c) One could investigate various modified pinch concepts which 
might not exhibit any tendency toward instability. One possible sug¬ 
gestion along this line was the concept of a “radiofrequency pinch,” 
wherein the pinch might be produced (and possibly sustained) by 
the application of an alternating voltage of high frequency, rather 
than by the unidirectional voltage which had been applied in the 
first experiments. 

Lack of adequate understanding 

Serious consideration was actually given to all three of these al¬ 
ternatives. It was soon found, however, that the most serious im¬ 
pediment to progress was the lack of a clear understanding of the 
mechanism of the pinch process. No one really understood exactly 
how a pinch was formed. 

* See Chapter 8 for a brief discussion of methods of studying, or “diag¬ 
nosing,” the behavior of a plasma. 
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I'm a 2. Kink Instability, (a) Pinched filament prior to onset of 
m iability, (b) If a small kink develops, the density of magnetic field 
hum mi (lie inside of the kink is greater than that on the outside, (c) The 
timultiint magnetic forces, shown schematically by arrows, tend to make 
I hr luiik grow rapidly in size. 
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This lack of knowledge became critically evident when, in attempt¬ 
ing to determine how to raise the temperature of the plasma more 
rapidly, it was found that the existing theory of the pinch was both 
inadequate and erroneous. According to the theory at that time, it 
was believed that the application of voltage around the discharge 
tube would result, as in an ordinary arc discharge, in the preferential 
acceleration (axially) of the electrons, and that the ions would be 
heated mainly by energy transferred to them by collisions with the 
more energetic electrons. Moreover, it was thought that the elec¬ 
trons, being more mobile, would respond much more rapidly to the 
presence of the magnetic field which they produced and would thus 
tend to contract first toward the center of the tube, dragging the 
ions after them by electrical forces of attraction. 

Such a theory of heating and pinching was, however, completely 
incapable of explaining the experimental data obtained from the 
Perhapsatron. It was quite obvious that a better understanding of 
the basic principles was required before further progress could be 
made. Hence an intensive theoretical study of the pinch mechanism 
was undertaken. Little satisfactory progress was made, however, 
until mid-1954, when a new and beautifully simple theory of the 
formation of the pinch was advanced. (See page 29.) 


B. Mid-1953 to End 1954 

Attempts to stabilize the pinch 

By the end of 1953, extensive experimental data on the pinch ef¬ 
fect had been obtained with the Perhapsatron. The apparatus had 
been modified and improved and detailed studies of the pinch had 
been made for several gases of interest,* such as xenon, krypton, 
hydrogen, and deuterium. Instabilities, however, were continuing 
to cause concern, and considerable effort was devoted to finding means 
of stabilizing the pinch. 

It had been recognized for some time that any tendency of the 
pinched plasma as a whole to displace itself away from the center of 

* In some* experiments it is more convenient to use xenon or krypton 
(instead of the lighter gases), since they emit more light during the dis¬ 
charge and hence facilitate diagnostic studies. 
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• it. i nl)(* could be counteracted by surrounding the glass walls of the 
4ii< Imrge tube with a metal sheath. “Image currents” induced in the 

"•idticl mg sheath would produce forces tending to push the pinched 
i'l i mn back to its central position. In a similar way, conducting 

• I! would also be helpful in suppressing the growth of “gross” or 
l«»iig wavelength” instabilities (e.g., broad kinks extending over an 
■ I * I • i rciable portion of the pinched discharge). The major problem 
i »\ m suppressing the “short wavelength” instabilities, (i.e., tightly 
i'i id kinks, smaller in size than the diameter of the tube). The 

• •imIiic! ing walls would be too remote from such kinks to be ef- 
I* • 1 1 vc, and some other means of stabilization was required. 

• vrr.d plausible suggestions were advanced for providing such 
I fd »ili/,:iI ion. One of the more promising (proposed in late 1953 by 
l I I Hck and M. D. Kruskal, and independently by W. II. Bostick 
n»l M A. Levine) was that the presence of a loijgitudinal magnetic 
I-. Id wilhin the current discharge itself should have a stabilizing in¬ 
fluence Figuratively speaking, such fields would provide the pinch 
iili a sort of “backbone” which might inhibit the formation of 
in nil kinks. A number of special cases were analyzed theoretically, 
hi solving longitudinal fields both inside and outside the pinched 
pin m; i 44ic results indicated that these fields should be partially 
• He. live in suppressing the instabilities, although not completely so. 

I " lesl Ihese matters experimentally, several attempts were made 
Mli i he IVrhapsatron during 1954 to produce a partial stabilization 
1 11 1 ;i pinched discharge containing an axial magnetic field. The out- 
•n»e of lliesc experiments was rather discouraging; in spite of the 
iheoirlieal predictions, no evidence was found for an increase in the 
hi. o! l lie pinch. 

M I heory of pinch formation 

I In disappointment was, however, more than offset by a develop- 
"ien! of major importance which occurred in mid-1954. As mentioned 
H her, I lie achievement of higher plasma temperatures had been 
i mo ly hampered by lack of an adequate theory to explain the pinch 

... The picture changed, however, when M. N. Rosenbluth, 

Hiking at Los Alamos, proposed a new and simple theory of the 
1 "iiu!iiiii of (lie pinch, based on the assumption that the plasma has 

cry high electrical conductivity. Conceptually, the so-called 
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“M-theory ” of pinch formation may be explained in the following 
way. With high plasma conductivity, the sudden application of an 
axial electric voltage would produce a thin sheath of electric current 
at the outer surface of the plasma. In turn, the buildup of this cur¬ 
rent would produce an encircling magnetic “wall” which would con¬ 
tract rapidly toward the center of the discharge tube, driving elec¬ 
trons and ions ahead of it. Particles in front of the advancing mag¬ 
netic wall would not be affected until it suddenly smashed into them; 
they would then rebound with twice the velocity of its advance. 
Clearly, the more rapidly the wall moved in, the higher would be the 
energy imparted to the particles in the impact. Rosenbluth derived 
a formula for the inward velocity of the magnetic wall and showed 
that it was directly proportional to the square root of the electric 
voltage gradient (i.e., the voltage per unit length) in the tube. 

This simple theory provided an important new concept of the 
mechanism of plasma heating. If confirmed, it indicated that the 
ions were being subjected to a sudden acceleration in the radial direc¬ 
tion and little if any acceleration in the axial direction. In addition, 
it provided an explicit expression for both the rate of contraction of 
the pinch and the plasma temperatures which should be produced, 
and predicted that the temperature could be increased at will simply 
by increasing the voltage gradient in the discharge tube. Finally, 
it indicated that, as a result of the impact of the magnetic wall, the 
energy imparted to the ions should exceed that imparted to the elec¬ 
trons (rather than vice versa, as expected from the earlier theory). 

Impact of the M-theory 

The impact of the M-theory on the pinch program was both im¬ 
mediate and far-reaching. For the first time, the experimental data 
from the Perhapsatron program began to be interpretable; a careful 
series of experiments carried out by J. A. Phillips and J. W. Mather 
showed close agreement between theoretical predictions and ex¬ 
perimental observations. 

With confirmation of the basic features of the new theory, thought 
was immediately given to steps that could be taken experimentally 
to increase the temperature of the plasma. According to the theory, 
the plasma temperature should be directly and linearly dependent 
upon the gradient of the electric voltage in the discharge tube. In the 
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I ’. »1 1 ii j )mj iI ron, this gradient had been low (of the order of 20 volts/cm). 

l. mu mg it to the value needed to achieve thermonuclear tem- 
!■« mlures (about 1000 volts/cm) clearly would require the con- 

• mu I ion of a new and complex apparatus, involving a major effort. 

I o obtain experimental information quickly, Tuck and his group 

m, i uni their attention to the possibility of using a straight tube 
.<* ■■lend of a toroid), in which a high voltage discharge would be 

..him 1 between electrodes at its two ends.* The chief advantage 

i lb. straight tube was that high voltage gradients could be ob- 

• nurd much more easily. Moreover, it was reasoned that the ends 
i Mm tube should have very little influence on the temperatures 

liimcd momentarily in the mid-section. According to the new 
i!h mi v, i he force exerted during the pinch should be almost wholly 
.1 hr radial direction, and the behavior of the particles in the middle 
hMiild I Ims be unaffected by what happens at the ends. 

I lo Columbus concept 

I he shove plans were part of a tentative new philosophy which 
h| r it m appearance at Los Alamos at that time. It was argued that, 

! 11 j»itr of the instability difficulty, there still was a possibility, based 
.» i hr dynamic pinch concept, of making a power-producing thermo- 

• iHi It'iir device. 

I hr argument went as follows. A good figure of merit for a practical 
iht nonnuclear device is, as pointed out in Chapter 1, the quantity 

• where n is the plasma density and r is the average confinement 
hme Under optimum operating conditions, nr must exceed about 
m" for a deuterium fuel (or 10 14 for a deuterium-tritium mixture). 

.m\, (he lime for the pinch to disassemble (corresponding to the 
•idinrmc.it time of the plasma) should be proportional to the 
hi i nr I rr of the pinch. Thus, if r could be made large enough (by 
dung very large diameter pinches) and n large enough (by starting 
ilh 11 11 m i<' 11 ( gas in the tube), it should be possible, in principle, to 

• i d I lie break-even point. Calculations showed that heroic 
men ui»■; would be required to reach this goal. It would require 
i in. hr several meters in diameter, currents of hundreds of millions 

* l li. umc of straight discharge tubes for producing pinches had been 

• | »l< h ri | briefly in 11)52 by W. baker at UCRL, Berkeley (Chapter 6). 
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of amperes, and enormous voltage gradients. Also, the bursts of 
energy released from such pinches would be so large (equivalent to 
several tons of explosive) as scarcely to merit the term “controlled” 
thermonuclear reactions! Nevertheless, such were the extremes to 
which, in the absence of any better solution, the Los Alamos group 
was prepared to go if necessary. 

Experimental developments 

As a first step toward this goal, a high priority was given to the 
design and construction of an experiment known as Columbus I, 
incorporating a straight discharge tube about 100 centimeters in 
length. A potential of 100,000 volts was to be applied between the 
ends of this tube, thus providing a voltage gradient of about 1000 
volts/cm. Great care was taken to minimize the over-all inductance 
of the system, so that discharge currents of the order of a million 
amperes might be reached within just a microsecond or two. With 
this rapid buildup of current, it was expected that the temperatures 
and densities would be sufficient to produce detectable numbers of 
thermonuclear neutrons prior to breakup of the pinch through in¬ 
stabilities. 

Simultaneously, but with much lower priority, work was begun on 
the design and construction of a rather sizable toroidal model also 
designed to operate with very high voltage gradients. 

With the above developments, the outlook for the pinch program 
improved markedly. Even though the instability problem was still 
unsolved, the program seemed for the first time to be on firm theo¬ 
retical ground, and the theory pointed the way toward the achieve¬ 
ment of higher temperatures. Interest revived in this approach, and 
a small group under W. R. Baker at UCRL, Berkeley, picked up the 
trail. The encouraging results obtained from the programs at both 
Los Alamos and UCRL will be discussed in Chapter 10. 


CHAPTER 4 


THE STELLARATOR PROGRAM (PART I) 

A. From Inception to Mid-1953 

• »f Igin of the effort 

! hr Sherwood work at Princeton began in the spring of 1951. 
I Spitzer, Jr., Professor of Astronomy at the University, had for 
• \ .ml years been engaged in the study of very hot rarefied gases 

• m interstellar space. In addition, he was working part time, under 
\iMinir Energy Commission sponsorship, on a theoretical research 
iinly of the electrical and thermal conductivities of ionized gases. 

I 'm rtly as a result of these interests and partly because of the in- 
n lulling but extravagant claims of R. Richter (in Argentina) of 
in the controlled thermonuclear field, Spitzer was stimulated 
•iii insider possible ways of producing and confining high-temperature 
pin hums under controlled conditions. 

I im ware of the pinch studies at Los Alamos, Spitzer conceived 

• m»I developed a wholly different approach to the problem, in which 
i In plasma would be confined in an endless tube by means of an 

nmlh/ imposed magnetic field. The evolution of this approach is 
it lined below. 


I nubility of the simple toroidal magnetic field 
in pmvide adequate confinement 

li was recognized at an early date that the plasma could not be 
I* qiiMlrly confined by a simple axial magnetic field in the form of 

• hair. 'Idie reason for this is as follows. Consider a toroid wound 
«ii i iially with coils to provide an axial magnetic field configuration 

l ip,. I 1). An important characteristic of this configuration is 
I - bn I ! hat each magnetic field line closes exactly on itself after one 
nlulion a fact described by saying that the lines of force are 
I- generate.” Because of the curvature of the torus, the magnetic 

• Id within it does not have the same strength everywhere but de- 
»• * h in magnitude with distance from the major axis (line CL). 
tin variation in magnetic field strength is indicated in the lower 
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cross-sectional drawing. As a result of this nonhomogeneous field, 
the plasma particles do not follow simple helices about magnetic 
field lines; instead, they drift upward or downward, depending upon 
their charge. Electrons would, for example, drift downward and 
positive ions upward, producing an excess negative charge in the 
lower half of the torus and an excess positive charge in the upper 
half. The buildup of this charge separation would give rise to a 
strong electric field. The electric field, in turn, would tend to neutral¬ 
ize the confining effect of the magnetic field, thereby permitting the 
plasma particles to move freely outward and to strike the outer walls 
of the container. For these reasons, it was expected on theoretical 
grounds that an axial magnetic field of this type would not ade¬ 
quately confine a high-temperature plasma. 

Development of the figure-8 configuration 

Although recognizing the above difficulty, Spitzer wished, if possi¬ 
ble, to retain the concept of an axial magnetic field in an endless tube, 
in order to prevent the escape of plasma particles along the lines of 
force. He thus sought some modification of the torus configuration 
that would prevent the buildup of the electric charge responsible for 
destroying its confinement. 

From theoretical studies, Spitzer was able to show that a torus 
twisted into the form of a figure 8 would meet his requirements. 
Figure 4-2 illustrates a tube with this configuration, wound exter¬ 
nally with current-carrying coils to provide an internal magnetic 
field along its minor axis. 

The advantages of this modification are twofold: 

(a) In the course of its spiraling motion along some line of force 
about the figure 8, a particle tending to drift upward at one of the 
curved ends (as a result of the nonhomogeneous field there) would 
tend to drift downward at the other end, since the curvature of the 
tube is in the opposite direction. While the net drift does not cancel 
out completely, it is very greatly reduced, and the resultant separa¬ 
tion of charge is correspondingly much smaller in the figure-8 tube 
than in a torus. 

(b) In addition, it may be shown that with the figure-8 configura¬ 
tion, the magnetic lines of force are no longer degenerate. In other 
words, a line of magnetic force, in passing about the lube, will not 
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I'ki. 4-1. Torus with an Internal Axial 
Vagnetic Field, produced by external current- 
nm ying field coils. A cross section of the torus is 
liown below. In this configuration, a separation of 
• barge develops which permits the particles to 
eHcape to the vessel walls. 
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return exactly upon itself (as in the case of the torus), but instead 
will be somewhat displaced from its original position. If, for example, 
one were to follow the line of flux which passes through point A\ 
in the cross-sectional drawing (Fig. 4-3), he would find that after 
one trip around the tube it would return to some point B 1 ; after a 
second trip it would pass through point Ci, and so on in rotational 
sequence about the tube. Thus the flux lines all rotate slowly about 
the magnetic axis of the tube. The magnitude of the flux rotation 
occurring after one transit of the tube (i.e., the magnitude of the 
rotational angle AiOBi) is determined by the twist associated wdth 
the figure-8 configuration. Accordingly, it is possible to design a 
twisted tube which will provide any desired rotational angle from 
0° up to 180°. 

This feature of “rotational transform” is of great importance, for 
it means that different regions around the magnetic axis 0 are inter¬ 
connected by lines of flux. Since charged particles are free to travel 
along lines of flux without difficulty, this means that if a separation 
of charge were to begin to occur (as indicated in Fig. 4-2b), a current 
would develop between these two potentials, flowing through the 
stellarator tube along the lines of flux. Because of this possibility of 
charge neutralization, the electric potential in the curved region of 
the torus would be prevented from building up and destroying the 
confinement. 

The figure-8 configuration thus appeared to offer a possible solu¬ 
tion to the problem of plasma confinement at thermonuclear tem¬ 
peratures. Based around this idea, Spitzer developed conceptually 
the features of a continuously operating* full-scale thermonuclear 
reactor, fueled with a mixture of deuterium and tritium and capable 
of yielding a sizable net output of electrical power. 

Initiation of theoretical studies 

This concept, to which Spitzer gave the name “stellarator,”” ap¬ 
peared to him to merit serious consideration by the Atomic Energy 
Commission. He therefore contacted the AEC Division of Research, 
and a meeting was held on May 11, 1951, in Washington with some 

* As distinguished from the pulsed operation envisaged in the pinch 
effect. 
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(a) 



‘»n< lion AA' 

' -M linn*, into Paper 



Section BB / 

Field Lines into Paper 


(b) 


Fig. 4-2. (a) A Figure-8 Stellarator Tube 
with external current-carrying coils to provide an 
axial magnetic field for confining the plasma, (b) 
Because of the twist of the tube, a charged particle 
processing upward in the curved section at the left 
rad will precess downward when it reaches the 
curved section at the right. Any separation of 
charge which tends to develop will now be canceled 
by current within the tube along the magnetic field 
lines. 
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of the Commission staff to consider his ideas in further detail. J. L. 
Tuck of Los Alamos was also present. While it was recognized that 
there were many problems (such as stability, mechanism of plasma 
heating, etc.) to be answered before its feasibility could be established, 
it was agreed that the stellarator concept as outlined by Spitzer was 
clearly of sufficient interest to warrant further study. At the sugges¬ 
tion of the Commission, Spitzer circulated a report on his ideas to 
designated scientists throughout the country for evaluation. In view 
of the favorable reception which this report received, a one-year study 
contract was authorized, beginning July 1, 1951, to investigate the 
theory of the stellarator concept in greater detail. Arrangements 
were made for the work to be carried out on a classified basis at the 
Project Matterhorn* facilities at Princeton. 

After four months of study, a conference was held at Princeton on 
November 12, 1951, to evaluate the theoretical results and consider 
what the next step should be. In addition to the Princeton staff, 
representatives of a number of other AEC laboratories were present. 
The stellarator program was in general favorably received, and the 
results of the study were considered encouraging. 

Model A stellarator 

As a result of this November meeting and of further theoretical 
studies during the ensuing months, the scope of the contract with the 
Commission was appropriately modified, and a small figure-8 con¬ 
figuration was designed and built during 1952 under the direction 
of C. H. Willis. The primary purpose of this so-called “Model A” 
stellarator was to determine whether the new twisted configuration 
could really confine charged particles effectively. 

In this model, a continuous magnetic field of up to 1000 gauss was 
provided by externally wound coils. The helium gas used in this 
model was partially ionized by inducing radiofrequency voltages 

* Project Matterhorn, which was organized at about this time, was 
primarily devoted at the outset to classified theoretical studies relating to 
the hydrogen bomb effort. Sponsored by the Los Alamos Scientific Labora¬ 
tory, the work was carried out under the direction of J. Wheeler at the 
Forrestal Research Center near Princeton. The original work was dis¬ 
continued in 1954, and since that time Project Matterhorn has been 
devoted entirely to the controlled thermonuclear program. 
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Fig. 4-3. End View of the Stellarator 
Tube, Showing the Property of Rotational 
Transform. Because of the twist of the tube, a 
line of force will no longer return on itself (as in the 
case of the torus), but will be displaced. A line of 
force passing through point Ai, for example, will 
consecutively pass through the points A 2 , A z , and 
. 44 , and on returning to section 1, its position will 
have rotated to point Bi. Upon another transit of 
the tube, it will pass through Ci, the locus of these 
points being a circle. The angle of displacement 
(i.e., angle A 1 OB 1 ) may be shown to be 40, where 
0 is the angle of inclination of the ends. 
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within the discharge tube, and measurements were made on the time 
of magnetic confinement of the electrons thus produced. The system 
could also be connected as a torus, with no rotational transform. 

The results of the experiments, while puzzling in some respects, 
confirmed the theoretical prediction of improved confinement with a 
figure-8 configuration. There was, however, some indication that 
the rate of diffusion to the side walls was faster than would be 
expected from collision processes alone, and there was concern on the 
part of many that turbulence within the plasma might be carrying 
the particles to the outside walls faster than desired—in fact, at 
rates which would be intolerable in a full-scale device. 

Initiation of work on Model B 

Nevertheless, the results of the Model A stellarator were suffi¬ 
ciently encouraging to justify further experimental work, and the 
construction of a more advanced stellarator, designated as Model B, 
was initiated early in 1953. In addition to improved confinement 
resulting from stronger magnetic confining fields, a second method of 
plasma heating was to be incorporated; the plasma, after being 
partially ionized by a radiofrequency field, would be subjected to a 
unidirectional (direct current) pulse of voltage induced along the 
axis of the stellarator tube. This voltage would accelerate both the 
ions and electrons in an axial direction;* however, continuous colli¬ 
sions among the particles would rapidly randomize the imparted 
energy, thus raising the temperature of the plasma as a whole. With 
the so-called “dc pulse” method of heating, it was hoped to achieve 
a plasma temperature of some 200,000°K. 

B. Mid-1953 to End 1954 

Thoughts concerning larger models 

During the latter part of 1953 and the first half of 1954, while the 
experimental group at Matterhorn was engaged in operating Model A 

* The voltage gradient, however, was to be kept low, so that the directed 
velocities of the particles would not be too much larger than their random 
(thermal) velocities. In addition, the externally applied magnetic field 
was kept large compared with the field produced by the current, so that no 
pinch resulted. 
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it ad assembling the Model B stellarator, Spitzer looked ahead toward 
much larger devices. The succession of models was contemplated as 
follows: assuming the successful operation of Model B, the next 
major step would be to assemble a larger version (Model C), which 
would essentially be a pilot model of a full-scale power-producing 
prototype, called Model D. These letters were intended simply to 
denote major stages in the advancement of the program; it was 
recognized (and wisely so, as it turned out!) that the course of events 
might require additional intermediate models. 

Before embarking on the design of the pilot model, it seemed 
reasonable to investigate first the characteristics ot the Model I) 
icllarator. Then, after having gained some insight regarding the 
ixe, field strength, and other properties of this full-scale prototype, 
d would be possible to design the intermediate device (Model C) in a 
more meaningful way. 

Model D design studies 

Since the group at Matterhorn was already overloaded with the 
i-\isl mg program, it was felt desirable to draw upon industry for the 
loan of several qualified engineering physicists to undertake the con- 
r. plual design of Model D. Spitzer was therefore authorized to 
approach several top-management people with proper clearance at 
i H-neral Electric and Westinghouse and inform them of his program 
and need for obtaining industrial assistance for these studies. The 
h iponse was immediate and enthusiastic. Each company offered to 
irlmse two well-qualified men to the Matterhorn project on a full- 
lime basis for a period of about nine months. General Electric furn- 
. .lied L. Tonks and W. Westendorp; and Westinghouse, W. Johnson 
and ’). J. Grove. It was agreed that during this period these men 
would be working for the Commission rather than for their own 
. mu panics, and that the classified information they gained from this 
wm k would not be channeled back into their companies. 

During the next nine months, this four-man team worked at 
I*i im cton under the direction of Spitzer, with support as required 
h orn I he growing theoretical group at Matterhorn. The task they 
i't lor themselves was a detailed study of the features and character- 
i h, ; of a full-scale power-producing stellarator which might hope- 
lully be of economic interest. 
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Several of the more significant of these features, namely “divertors” 
and lithium blankets, had been envisioned in Spitzer’s original pro¬ 
posal to the AEC in 1951; others, such as “magnetic pumping” and 
“scallops, ” were modifications proposed by Spitzer in 1953 and 1954, 
respectively. Because of their importance in later discussions, these 
features will be described here briefly. 

Need for a lithium blanket 

As discussed in Chapter 1, in any thermonuclear reactor burning 
a mixture of deuterium and tritium, the neutrons carry off the great 
majority of the released energy. If this energy is to be put to practical 
use, the neutrons must be absorbed in a suitable moderator, and their 
kinetic energy converted into heat. 

In addition, since tritium does not occur naturally in nature, the 
neutrons must be used to regenerate the tritium from lithium, by 
means of the reaction 

n 4- Li° —> T + He 4 + 4.8 Mev. 

In this way, the tritium may be completely recovered. Thus, it acts 
as a sort of catalyst for the reaction, the fuel actually consumed 
being deuterium and lithium. 

Both of the above requirements may be satisfied by surrounding 
the discharge tube with an annular “blanket,” in which it would be 
possible to moderate the neutrons rapidly, capture them in lithium, 
and recover the tritium thereby produced. 

In the Model D study project, much thought was given to the 
features of such a blanket. Since it would have to lie inside the 
heavy coils producing the confining magnetic field, a highly effective 
moderator would be needed to keep its thickness as small as possible. 
Consideration of the numerous alternatives led to the conclusion that 
the blanket should consist of a closely packed system of tubes, with 
water flowing through some and lithium in a suitable liquid form 
through others.* The heat generated in these liquids by the action 

* Molten lithium was originally considered; from recent studies, liquid 
lithium nitrite appears more promising in many respects. The small frac¬ 
tion of neutrons lost (through absorption in structural materials or the 
nitrogen of the nitrite) can be compensated by (n, 2n) reactions in some 
material such as beryllium in the blanket. 
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,,l i lie neutrons would be transferred to external heat exchangers, 
connected in turn to conventional equipment for generating electric 
I Mover. The lithium, in addition, would be circulated through a 
,pupate section designed to permit effective recovery of the minute 
amounts of tritium which it would contain. A study was made of all 
I,.ul ores of the blanket system, including such matters as the power 
i, <luired for pumping these liquids and effect of radiation damage by 
die neutrons. 

Need for divertors 

In controlled thermonuclear devices, there are essentially three 
vuiys in which energy may be transferred from the interior of the 
discharge tube to its walls or exterior: 

(a) By the emission of radiation in the form of solt x-rays (brems- 
l ruhlung) as a result of continuous collisions of the rapidly moving 
lugh-energy charged particles of the plasma. Under the operating 
conditions of a full-scale stellarator, roughly 5 percent of the total 
• nergy released would be in the form of such radiation. 

(h) By the slow diffusion of energetic plasma particles outward 
n mss t he confining magnetic field toward the walls of the discharge 
11 the In the case of a stellarator utilizing an equal mixture of deu- 
l, i mm and tritium, some 15 percent of the released energy would be 
i m t ied away by these charged particles. 

(c) By the emission of energetic thermonuclear neutrons, which 
would pass through the walls of the discharge tube and have to be 
ruptured in the region outside. About 80 percent of the released 
< nergy would be carried off in this form. 

Spilzer had recognized from the outset that in a full-scale stellar- 
Him lb walls of the discharge tube would be unable to withstand 
i Im energy impinging upon them from both the bremsstrahlung 
i >ii I in l ion and the outward-diffusing energetic particles. Even under 
iipiiiiitim cooling conditions, the rate of heat transfer to the coolant 
Mould be too slow and the tube walls would vaporize. Accordingly, 
in luid proposed modifying the stellarator so that the outward- 
diffu ing particles would be prevented from reaching the main walls 
■ I i In- discharge tube, and be forced instead to dissipate their energy 
• I . where. This modification, known as a “divertor,” was analyzed 
in drlnil by the Model I) study group. 
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In essence, a divertor consists of a large chamber encircling the 
stellarator tube at some convenient location and connected to it by 
a small opening (as shown schematically in cross section in Fig. 4-4). 
By means of a complex system of coils in the region of this opening, 
the lines of magnetic flux adjacent to the walls of the discharge tube 
are diverted through the opening and into the large chamber of the 
divertor. Charged particles of the plasma, diffusing slowly outward 
across the magnetic field, will eventually reach the outermost lines 
of magnetic flux and be diverted into this chamber, where they collide 
with the walls and give up their kinetic energy as heat. This chamber 
has a large wall surface, capable of being well cooled and of with¬ 
standing the enormous energy flow impinging upon it in the form of 
charged particles. 

An additional important benefit to be anticipated from use of a 
divertor is the reduction of impurities emitted from the walls of the 
discharge tube. The outward-diffusing high energy ions (which in 
the absence of the divertor would eventually strike the tube walls, 
knocking neutral impurities back into the discharge) now give up 
their energy within the divertor chamber, and any neutral particles 
emitted in the process are quickly pumped away by large diffusion 
pumps attached to that region. 

Need for magnetic pumping 

A third important requirement of a full-scale stellarator is some 
means of heating the plasma to the required temperatures of a hun¬ 
dred million degrees or more. Spitzer showed, late in 1953, that the 
“dc pulse” method of heating would be incapable, even in large 
models, of heating the plasma to temperatures much above a million 
degrees. The major difficulty is the following. In this heating process, 
the axial electric field accelerates the electrons preferentially, and the 
electrons in turn heat the ions through collisions with them. As the 
temperature of the plasma increases, the probability of collision de¬ 
creases, and the rate of energy transfer from electrons to ions drops off. 

As a result, the electrons tend to “run away, ” that is, to increase 
rapidly in energy, while the energy (and temperature) of the ions is 
left far behind. An associated difficulty is that, as the temperature 
of the plasma increases, its electrical resistance drops off rapidly, and 
it becomes increasingly difficult to put energy into the plasma. The 
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Fig. 4-4. Divertor. Because of the magnetic 
field configuration in the divertor, charged plasma 
particles diffusing outward across the magnetic 
field will eventually be diverted into the chamber. 
Here, they collide with the walls, giving up their 
kinetic energy as heat. 
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dc pulse method of heating thus appeared to be limited in its applica¬ 
bility, and for temperatures above about one million degrees some 
new technique of heating had to be found. The most desirable scheme 
would be one by which the positive ions would be heated in preference 
to the electrons, since it is the ion temperature which determines the 
rate of the fusion process. 

After much consideration, Spitzer proposed a method of heating 
which he called “magnetic pumping.” In this method, the strength 
of the magnetic confining field would be alternately increased and 
decreased in rapid succession in one or more regions of the stellarator 
tube. The plasma in these regions would thus be successively com¬ 
pressed and expanded by a sort of pumping action. Theoretical 
study showed that by proper choice of pumping frequency, degree 
of modulation of the magnetic field, length of the tube over which it 
is imposed, and a number of other factors, the use of magnetic pump¬ 
ing should result not only in rapid heating of the plasma but also in 
preferential heating of the positive ions. 

Need for scallops 

One of the most important (in fact, nearly devastating) conclusions 
of the Model I) study was that it would not be possible, using a simple 
figure-8 configuration, to achieve a net power yield from a full-scale 
stellarator, even under optimum conditions. The difficulty had its 
origin in the presence of current within the stellarator tube, as a re¬ 
sult of charge separation in the curved regions (see page 34). It was 
shown that this current, in the direction of the lines of force within 
the tube, would provide an additional magnetic field that would dis¬ 
tort the externally imposed confining field. In turn, this distortion 
would seriously decrease the value of pressure ratio P which might 
be achieved within the stellarator. Since the rate of energy genera¬ 
tion is proportional to ft 2 (see page 18), the resulting reduction in 
power would be intolerably great.* 

* It was shown that to keep the distortion from being excessive, p would 
have to be kept small compared with 8r/ R, where r is the radius of the dis¬ 
charge tube and R is the radius of curvature of the magnetic axis. Prac¬ 
tically, this meant that P would have to be small compared with 0.1. Since 
the power generated varies with n 2 (and hence with p 2 ), such a low value 
of p would be intolerable. 
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\ number of suggestions for overcoming this difficulty were in- 
, i igated, but they proved for the most part to be impracticable. 

I mnlly, Spitzer proposed the introduction of so-called “scallops” into 
i In- curved portion of the stellarator tube, as shown schematically 
n, big. 4 -5. With a succession of curved sections having alternating 
. hi vat ure in the manner illustrated, the charge separation resulting 
inun the curvature of the sections marked a would be almost wholly 
. unipensated by an equal but oppositely directed charge separation 
tu i lie neighboring tubes, marked b. The slightly shorter length of 
lube h is compensated by an increase in its diameter. By means ol 
iln ingenious but complicating modification, the current in question 
mild be limited to the curved U-bends of the stellarator tube. r l he 
i in rent in the straight sections could thus be kept small, with the 
,, nil that high /3-values, and corresponding high power yields, 
c I mil 1 be achieved in these regions. 

I uuiign features of the Model D stellarator 

n result of detailed study of all the factors outlined above, the 

.-nd design features of a full-scale stellarator slowly began to take 

luipe Designed for continuous (rather than pulsed) operation at a 
icmpiTiiture of 200,000,000°K, it would have to be an enormous 

.bine, more than 500 feet in length. The discharge tube, with a 

i ihIiiim of l£ feet, would be surrounded by an annular moderating 
M„nkct 2 feet thick, which in turn would be encircled by an array of 
n|,|.rr coils 4 feet thick to provide the magnetic confining field. The 
i bnids at the two ends would have the scallop configuration, and 
,, b would enclose a large divertor. In each of the straight sections 
i in ir would be large magnetic pumping stations for raising the plasma 
i. uipcrat ires to the ignition point. All in all, it was a sobering piece 
■i <'i|uipincnt which would cost, exclusive of the turbogenerators, an 

... <| $200,000,000.* However, with a magnetic confining field 

I / , 000 gauss, it was estimated to be capable of providing a net 
i.. 11 ical power output of some five million kilowatts. 


' In.Indian turbogenerators and other conventional equipment, the 
. i,l investment for a station of this size was estimated to be very close 
* mih* hillion dollars. 
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The Model C stellarator 

In spite of the awesome nature of the full-scale prototype, it was 
generally agreed that no insurmountable obstacles had been brought 
to light by the study. Admittedly, there were numerous engineering 
problems of great difficulty which needed to be solved. In addition, 
the big question was whether such a device could be operated in a 
quiescent manner, or whether instabilities would develop that would 
carry the plasma to the walls at a greater rate than could be tolerated. 
To this latter question there was no answer. It seemed to be an 
enormously complex matter. Among other things, there was reason 
to believe that instabilities would appear, if at all, only under condi¬ 
tions of high plasma density (i.e., only for rather large values of 13). 
If so, experiments made with Model B could not be expected to bring 
these potential difficulties to light. It thus seemed appropriate to 
move ahead toward the conceptual design of the intermediate size 
Model C stellarator. 

A small group at Princeton tackled this problem in the fall of 
1954, with the goal of developing the preliminary design of a device 
which might serve not only as a pilot model for testing most of the 
features for the full-scale prototype, but also as a useful and flexible 
experimental tool for investigating the unknown problem of stability. 

This study resulted in the preliminary design of a machine some 
45 feet in length, having a discharge tube approximately 5 inches in 
radius. Plasma heating would be achieved by the application of three 
successive types of heating: radiofrequency, dc pulse, and magnetic 
pumping. Magnetic confining fields of 50,000 gauss would be pro¬ 
vided on a pulsed basis for periods lasting as long as a second. Under 
these operating conditions, it was expected that temperatures of 
about 200,000,000°K could be achieved. 

This conceptual design appeared sufficiently interesting and po¬ 
tentially important to be worthy of further design study. Since the 
Matterhorn staff was already overloaded, steps were taken to ap¬ 
proach private industry for carrying out the detailed design of this 
rather large and complex model. 

Experimental program: Models B-l and B-2 

In the meantime, the experimental group, working under the 
direction of J. A. Van Allen, was engaged in the assembly of the 
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Fig. 4-5. Scallops. The scalloped U-bends of 
the stellarator are composed of successive sections 
of alternate curvature, the purpose of which is to 
minimize the current in the straight sections of the 
stellarator and thereby increase the permissible 
value of 13. The charge separation occurring in the 
sections marked a is compensated by an equal but 
oppositely directed charge separation in the tubes 
marked b. The shorter length of tube b is compen¬ 
sated by its greater diameter. 
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model B-l stellarator, which went into operation in July, 1954. To 
avoid undue power consumption in the magnetic field coils, this 
model was designed for operation on a pulsed basis. The discharge of 
a capacitor bank through the externally wound coils was to provide 
an axial confining field of some 30,000 gauss for several milliseconds. 
When the strength of the magnetic field reached its peak, the heating 
pulse would be turned on, and measurements made to determine the 
temperature to which the plasma could be heated. 

However, the group immediately ran into experimental difficulties. 
The pulse of current through the field coils produced strong forces 
which caused the coils to shift position slightly at each pulse. This 
shift, although small, was enough to cause a partial misalignment of 
the magnetic field, thereby seriously decreasing the effective volume 
of the tube. Attempts to rectify the difficulty with the existing 
coils proved to be only partly satisfactory, and extensive modifica¬ 
tions were eventually required. During the brief periods of adequate 
alignment, however, spectroscopic and microwave measurements 
indicated that the plasma was being effectively heated to tempera¬ 
tures of the order of 100,000°K. 

Even before the operation of the B-l stellarator, consideration 
was being given to the possibility of incorporating in this model 
still another method of heating, namely, the method of magnetic 
pumping discussed on page 44. Calculations indicated that this 
addition should make it possible to achieve a temperature of several 
million degrees, even with a small model of this type. However, 
rather than delay operation of the B-l stellarator, it was decided to 
expand the effort of the experimental group and build a second model 
(B-2), incorporating magnetic pumping. The construction of this 
device was started in mid-1954 by a group under N. W. Mather. 

Hardly had the work gotten underway, however, when a new and 
ominous development threatened the entire stellarator approach 
This development and its consequences are discussed in Chapter 9. 


CHAPTER 5 


HIE MAGNETIC MIRROR PROGRAM (PART I) 

A. From Inception to Mid- 1953 
* h (gin of the program 

• • ’ \\ s of the Sherwood developments at Los Alamos and Princeton 

not long in reaching the University of California Radiation 
i .illoratory (UCRL) at Livermore, where it aroused the interest 
i imagination of a number of scientists. Extensive discussions 
m held early in 1952 on the pinch and stellarator concepts; the 
t *"l»lrms associated with these approaches were analyzed in some 
1 i i § I mid alternative solutions were sought. 

In particular, there was concern on the part of H. F. York, Director 
* I i \{ L, Livermore, that while the figure-8 configuration of the 
»«llfini(or provided an ingenious method of plasma confinement in 

• i id loss l ube, the curvature of the U-bends would seriously limit 
1 average value of (3* which could be achieved in such a device. 

in view, the limitation on /3 might so reduce the net power output 
! ■ i ilus device could never be of economic interest. Instead of a 
•.1 11 rn I ion which closed on itself, York proposed the use of just 
inuglil. section of tube, again with an axial confining field, but 
l* nme suitable means of “stoppering” the ends to prevent plasma 
I iv Mi is route. As a mechanism of stoppering, he suggested that 

• id 1 1 hr easible to reflect the particles back toward the center of 

• 1 1 ch:i rge tube either by the pressure of microwave radiation, or 
ll*lv by “magnetic mirrors” at each end. 

i I Lost of the Livermore group offered to explore these sugges- 
11 id a small group was set up under his direction to undertake 
> * • *i Kid and experimental studies on the problems of confining 
! In 11111 g a plasma in a configuration of this type. Of the alterna¬ 
tor! hods of stoppering the tube ends, the use of magnetic mirrors 

1 i ili Imition of ft see footnote, page 18. 
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seemed the most promising. Post and his group set themselves the 
task of developing the theory of such mirrors, of determining the 
conditions under which the plasma particles would be reflected, and 
of calculating the rate of particle loss that might be anticipated. In 
addition, it was necessary to find a satisfactory method of heating 
a plasma, confined in this way, to thermonuclear temperatures. 

Magnetic field configuration 

In the magnetic mirror approach, a straight section of tube is 
wound with external field coils so arranged as to produce an axial 
magnetic field which is weak in the central region, but strong at the 
two ends (as shown in Fig. 5-1). The strong fields at the ends con¬ 
stitute “magnetic mirrors,” which tend to repel charged particles 
of the plasma and (under certain conditions) reflect them com¬ 
pletely back toward the central region. 

Conceptually, the action of the magnetic mirrors may be under¬ 
stood in the following way. Consider any charged particle spiraling 
in the central region under the influence of the magnetic field there. 
The motion of such a particle may be considered as having two com¬ 
ponents: an axial component of motion parallel to the magnetic field 
and a transverse component in a plane perpendicular to the magnetic 
field. The latter component, consisting of a circular motion of the 
charged particle about some line of force, gives the particle the 
properties of a small magnetic dipole, the strength of which is 
directly proportional to the kinetic energy of the particle in tin* 
transverse plane. In the central portion of the tube, where the field 
is homogeneous, this particle dipole may move freely along the lines 
of magnetic force. When, however, the particle approaches the 
region in which the magnetic field is strongly nonhomogeneous and 
increasing, it will always experience a force tending to return it to 
the weaker field in the central region (Fig. 5-2). Clearly, however, 
a particle having too great an energy in the axial direction (com 
pared with its energy in the perpendicular plane) will not be turned 
back by the magnetic mirror fields, and it will be able to escape. 
Thus, if a group of particles is to be effectively confined by mirror 
geometry, it is essential that they be injected with low energy in the 
axial direction and high energy in the perpendicular plane. In addi 
tion, as one would expect, it is desirable that the magnetic field in 
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Fig. 5-1. Magnetic Mirror System, (a) 
Current-carrying coils around the cylindrical tube 
provide an axial magnetic field in the central region, 
with “magnetic mirrors” at the ends which reflect 
the plasma particles back toward the center. The 
variation in magnetic field strength along the tube 
is shown in (b). 













































54 


PROJECT SHERWOOD 



the mirror region be as large as possible in comparison with that in 
the central region.* 

Effect of collisions on plasma confinement 

One of the complications in analyzing the magnetic mirror confine 
ment of dense plasma is that the relative velocities of the particles 
in the axial and perpendicular directions change with time as a re 
suit of their collisions with one another. Consider, for example, ;i 
group of particles in the central magnetic field which initially have 
high velocities in the perpendicular plane and very low axial velocities. 
Under these conditions, they would find themselves reflected by any 
reasonable mirror field and thus wholly confined. As a result of colli 
sions between these particles, however, their energy in the axial 
direction would slowly increase at the expense of their energy in the 
perpendicular plane, and particles would begin to escape through the 
mirrors. 

Thus, the exact analysis of particle confinement in a mirror system 
is a complicated matter, depending upon many factors, such as parti 
cle densities, scattering cross sections, and initial energy distribution. 
However, the preliminary calculations carried out by Post and his 
group indicated that if a high-temperature plasma could be initially 
trapped in a suitable magnetic mirror system, there was a reasonable 
probability that the ions would undergo fusion before escaping 
through the mirrors. Consequently, a small experimental program 
based on this concept was thought worth while. 


* Specifically, if E± is the energy of a particle in a plane perpendicular 
to the magnetic field and E\\ its energy parallel thereto, then the particle 
will be reflected by a magnetic mirror if 


E ii ^ B m 
E± _Bq 


where B m and B o are the field strengths at the mirror and in the central 
region respectively. Expressed in another way, it may be seen that a, 
particle will be able to escape through the mirrors if its E -vector lies in a 
cone (the so-called “escape cone”) which has a half-angle 6 given by 



0 = sin 1 y/ Bo/B m . 
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Fig. 5-2. Motion of a Charged Particle in 
a Magnetc Mirror System. As the particle 
winds into a tighter and faster helix, its forward 
motion is decelerated and finally brought to a halt. 
The particle is then reflected back into the central 
region whence it came. 
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Early experimental work 

After some small exploratory experiments, an apparatus called 
“Albedo” was assembled late in 1952 to test experimentally the 
effectiveness of magnetic mirrors in reflecting individual charged 
particles. This experiment consisted of a straight section of evacuated 
tube, wound with coils to provide a rather weak axial magnetic field 
throughout its length and strong mirror fields at each end. A beam 
of low-energy ions was injected at one end along the central axis. 
Since these ions possessed only axial velocity (and hence no energy 
in the perpendicular plane), they passed readily through both mirrors 
and escaped through the far end. In order to trap some of them be¬ 
tween the mirrors, a high-frequency electric field was applied to the 
particles as they passed slowly through the central region. This 
electric field accelerated the particles in the perpendicular plane, 
giving them sufficient transverse energy so that they could no 
longer escape. 

The experiment showed that, once trapped, the particles were 
indeed effectively confined by this magnetic configuration, in ac¬ 
cordance with theoretical predictions. The density of the trapped 
particles was so low that collisions among them were rare, and the 
particles would continue to bounce back and forth between the 
mirrors almost ad infinitum. 

The problem of producing a high-density, 
high-temperature plasma 

The effectiveness of magnetic mirrors for single-particle confine¬ 
ment having been experimentally confirmed, the next problem at 
hand was to determine the optimum method of producing a high- 
density, high-temperature plasma within a mirror system. Here 
two alternative possibilities suggested themselves: 

(a) One could attempt to trap a rather dense plasma of moderate 
energy ions (a few kilovolts, or less) and then raise its temperature 
to high value, or 

(b) One could attempt to trap a low-density beam of high-energy 
ions (i.e., with energies already corresponding, if randomized, to full 
thermonuclear temperatures), and then build up the resultant plasma 
density to values of practical interest. 

As will be seen, both approaches, while straightforward in principle, 
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l*iuved to be extremely difficult in practice. In the latter ease, for 
simple, trapping a high-energy beam and building up the density 
i lnipped particles would require a strong and steady magnetic 

• * Id 'The complication here is that when any particle is injected 
!• "in ome outside point into a static* magnetic field configuration, 
*i will not be trapped unless its orbit is somehow changed (e.g., by 
. • iilli ion) while it is within the field. There appeared to be no easy 

■i\ of producing such a change in state of the injected particles 

• lining their passage through the field. 

< M the two alternatives, the first seemed the easier, and a suitable 

• i hod was sought for successively producing, injecting, trapping, 

• i*l heating a dense plasma of moderate energy ions in a magnetic 
mm i nr configuration. Clearly, the method which had been used in 

• it* \lbedo experiment could not be adapted to the present needs. 

\ 11 1 1 * from very low trapping efficiency, it was recognized that 
*"idi frequency electric fields could not penetrate the interior of a 

• l* n •• plasma, and their effect would thus be limited to the outer 
pin him surface. 

Adiabatic compression 

\IIcr considering a number of possibilities, Post proposed a method 
i lien I mg known as “adiabatic compression.” In this scheme, 
iiHun schematically in Fig. 5-3, the magnetic field strength of the 

• .me configuration (i.e., of both the central region and the mirrors) 
niiidc to increase with time. From a source placed in the region of 

.I the mirrors, ions and electrons are injected transversely to the 

... .gnclic field at a time when the field strength is still low. As the 

• I*iidle field is increased, their transverse energy also increases, 
lull' I her axial energy remains unchanged. 

Mmc specifically, if the magnetic field strength is increased by 
.mi* factor over its value at the time of injection, the transverse 
"• i p \ of I he particles is increased by exactly the same factor.f 

* I < , one which does not vary with time. 

MmI liemntically stated, if B L and B f denote the initial and final values 
i i he magnetic field strength, and E\ and E f L the initial and final values 

• (In Imnsverse energy, then 

f/j_ r/ 

~ IF 
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Thus, if the particles are injected with a transverse energy of, say, 
2 kev when the magnetic field is low (say 1000 gauss), increasing the 
field to 30,000 gauss will raise the particle energy to 60 kev, that is, 
to energies corresponding to thermonuclear temperatures. By this 
increase of the field it is possible first to trap the injected particles 
(as a result of increasing the ratio of E± to E\\; see page 54), and 
subsequently to heat these particles to high temperatures. 

Thoughts concerning a full-scale device 

The above combination of techniques for confining and heating 
the plasma appeared to have the makings of a highly interesting 
approach to the problem of controlled fusion. With a straight- 
discharge tube, it seemed reasonable to expect that (unlike the 
situation in the stellarator) the value of 0 could be high throughout, 
the active volume of the tube. High /3-values would imply the possi 
bility of high power generation* per unit volume of plasma and hence 
the possibility of a more compact reactor than the stellarator, under 
the same operating conditions. 

Looking into the distant future, an even more intriguing prospect 
was that if high 0-values could be achieved, it might be possible to 
operate a full-scale device with the D-D reaction and still obtain a, 
net power production. Such a goal, if feasible, was extremely in¬ 
teresting, not only because of its reliance on deuterium alone as the 
fuel, but also because of the possibility (as pointed out on page 13) 
of direct generation of electrical power. In this respect there was 
hope that, in the mirror type machine, it might even be possible to 
achieve appreciable nuclear burning of the He 3 , which is formed as 
a product of the D-D reaction. 

The total succession of the reactions would then be the following: 

D + D -—* He 3 (0.8 Mev) + n (2.4 Mev) 

D + D-* T (1.0 Mev) + p (3.0 Mev) 

T + D-♦ He 4 (3.5 Mev) + n (14.1 Mev) 

He 3 + D-> He 4 (3.6 Mev) + p (14.7 Mev) 

6D-♦ 2 He 4 (7.1 Mev) + 2 p (17.7) Mev + 2 n (16.5 Mev) 

* The power generated, P 0J is proportional to n 2 and hence to f3 2 , since fi 
is defined as nkT / (B 2 /Sir ). 


THE MAGNETIC MIRROR PROGRAM (PART l) 


59 



V 






• Energized Coils 
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in ;> a. Adiabatic Compression of the Plasma, (a) Plasma is 
, f imI into the chamber while the field is weak, (b) The magnetic field 
nif I h is then increased, compressing the plasma toward the center 
I tin mg its temperature, (c) The magnetic mirrors may also be moved 
,dl v inward to provide additional compression and further increase in 
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With complete nuclear burning in this way, some 60 percent of 
the total energy released would be in the form of charged particles 
If these particles could be effectively confined by the magnetic field, 
most of the released energy might then be converted directly into 
electrical power, with high over-all efficiency. 

Need for very high temperature 

It was recognized, however, that the desire to operate on the D-l) 
cycle, with appreciable burning of the He 3 , would require sub 
stantially higher temperatures than those contemplated in the 
stellarator. In addition, there was still another reason why extremely 
high temperatures would be required: in the magnetic mirror ap 
proach (in contrast with the other concepts) it is clearly important 
that a significant fraction of the nuclei undergo nuclear fusion prior 
to their motion becoming completely randomized; otherwise then 
would be an excessive loss of hot but unburned fuel out through the 
mirrors. To increase the likelihood of their fusing prior to being 
scattered out the mirrors, the particles would have to have tempera 
tures not far below the maximum of the D-D cross-section curve 
(see Fig. 1-4). 

Recapitulation; work on the Table Top Model 

Recapitulating briefly, the concept evolved was that of an ulti 
mate machine which hopefully might use deuterium as fuel and 
operate on a pulsed basis somewhat similar to a diesel engine. A 
plasma of medium-energy deuterons and electrons would be injected 
into the discharge chamber while the confining field was still weak; 
the rising field would then trap and heat the plasma by adiabatic 
compression to temperatures of nearly a billion degrees; in the 
process the plasma would be compressed toward the center of the 
discharge tube. Still further increases in density and temperature 
could be provided by moving the mirrors axially inward. Prior to 
complete randomization of the initially directed motion of the plasm;i 
particles, appreciable burning of the fuel ions would occur, with 
energy released largely in the form of charged particles which would 
be confined by the strong magnetic field. To complete the cycle, 
the above compression operation would be reversed; the hot plasm s 
would then be permitted to expand against the magnetic field, pm 
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i * mg electrical power directly in external circuits. The above 
mm rj>i was admittedly looking far into the distant future. It 

• 1 1 hrless set a possible goal toward which one might begin to 

|#li»\ e, 

\ a first step toward a study of magnetic compression pressure, 

• m k was started during 1953 on an experimental model known as 
1 dili' Top.” This model, having a cylindrical discharge chamber 
Mur I feet in length and 6 inches in diameter, was designed to 
m i ule with a pulsed mirror field rising to 20,000 gauss in the central 

• i Minn. The ion source for the experiment was to be a so-called 
iillinium source,” consisting of a piece of titanium metal onto which 
h ulcmim gas is adsorbed. By suddenly heating the titanium, a 
1 mi I of electrons and deuterium ions could be released at any 
i m I. I<-mimed moment into the discharge chamber. 

B. Mid-1953 to End 1954 

hiffh ulties encountered 

I hiring this next period, a number of problems were encountered 
»»» i In development of the magnetic mirror approach. On the theo- 
- in d side, increasingly detailed study was made of the process of 
ti ipping, heating, and confining a plasma in magnetic mirror ge- 
hH 1 1 v While in general the results were encouraging, there were 
i ill many unknown factors, the importance of which was difficult 

• judge. Among them was the problem of estimating the rate at 
hit h (lie ions of a dense hot plasma would be lost through the 
Minns prior to undergoing fusion. There was, in fact, concern on 

• i.e pm I of some theorists that this rate might be too high to permit 
1 • mamietic mirror approach to be of eventual practical interest. 

» Mi !he experimental side, a subgroup headed by F. C. Ford 
Mkrd rapidly toward the completion of the Table Top model and 
•I i icmbly of the necessary diagnostic equipment for testing its 
I - i «l ion. Even before completion, however, it became increasingly 
i* o l hat the titanium ion source which was to be used in this model 
ik I not work effectively in the presence of a magnetic field. Further 

• ligation indicated, in fact, that the development of a really 

• 'i I idory ion source might be much more difficult than had been 
m I ir 11 in tc< I. 
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Requirements for an effective ion source 

The problems involved in the development of an effective source* 
for this purpose were multifold. In the first place, it is desirable for 
the source to have as large an emission of positive ions as possible, 
since the active volume of the chamber must be filled with an initial 
density approaching 10 13 ions/cm 3 , and the period available for in¬ 
jection is very short. Second, the energy of the ions at time of in¬ 
jection must be reasonably high (of the order of 1 kilovolt or more) 
so that their final energy after adiabatic compression will be sufficien! 
to produce copious thermonuclear reactions. Third, there are rather 
stringent limitations on the angle of injection if the particles are to 
be adequately trapped between the mirrors by the rising magnetic 
field. Fourth, to avoid problems of space charge it is essential that 
the injected ions be completely neutralized, that is, that they be 
accompanied by an equal number of free electrons. And fifth, it is 
important that the source not inject appreciable quantities either of 
impurities or of un-ionized particles into the chamber, since the 
former greatly increase the radiation losses, and the latter permit the 
loss of energetic ions from the plasma by the mechanism of charge* 
exchange.* 

Satisfying any one of the above requirements appeared difficult; 
satisfying all ol them simultaneously appeared to be a problem of 
major stature, particularly in view of the severe limitations in the* 
injector size that were imposed by the smallness of the experimental 
model. The deuterium-loaded titanium sources first used in Table* 
lop yielded ions with disappointingly low energies when operateel 
in a magnetic field; furthermore, there was appreciable contamina¬ 
tion of the beam by titanium ions and neutral deuterium atoms. 
Nevertheless, because of its convenient size, this type of source 
offered the best promise as a pulsed-type injector for small experi¬ 
mental models, and work was accordingly initiated at UCRL to 
develop an improved version with higher energy output. 

Continuous ion source 

It was recognized, however, that the titanium-type ion source 
provided only a temporary solution to the injection problem. Its 


* For a discussion of charge exchange, see page 66. 
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n\ limitations (particularly its limited gas emission) made it 
ml able for use in larger devices. Larger machines would clearly 
in ire a reliable source which could provide an intense and un- 
• hi l a mi nut cd beam of energetic ions on a continuous (rather than a 
i "I id) basis. 

Imii sources possessing many of these characteristics had already 

• n developed at UCRL and Oak Ridge during the Second World 
1 1 lor use in electromagnetic separation of isotopes. These so- 

*«N« 1 1 '*( alutron” sources were, however, far too large for use as in- 

• i mi m magnetic mirror machines of the size under considerat ion. 

• mi lliermorc, it was not at all certain that they could be made to 
i ■ i nl e properly in the complex and nonhomogeneous fields ehar- 

ii l ic of these machines. 

However, in view of the increasingly critical need for suitable in- 
ihi . the Oak Ridge National Laboratory was encouraged to dc- 
1 .pa modified Calutron-type source for use in the magnetic mirror 
ci mn. A series of meetings was held with representatives of both 
1 mi ilories, and the requirements of the Mirror group were specified. 

• I»« admittedly difficult goal was to develop an Oak Ridge type 
Min- w Inch might even be small enough to be used in the Table Top 

Hi'ii him*. 

i •*y I op Model 

While this developmental work was underway, it was decided, 

1 11v to compensate for the low energy of the ions available from 
M.tuni sources and partly to give information on the strength of 
I • oils, to build a small experimental model capable of achieving 

... high magnetic fields. In this so-called “Toy Top” experi- 

m!. carried out largely by F. H. Coensgen, the heart of the ap- 

• • tin consisted of a magnetic field coil the size of a man’s hand, 

-i nl to capacitor banks and electrical switching equipment 
mi c\ era! rooms. In a number of early experiments, the enormous 
mu tir forces associated with the sudden discharge of some 50,000 
I. into t Ik* windings destroyed or badly twisted the coils. Eventu- 
linwever, improved coils were built which were capable of pro¬ 
ne Hid w it hstanding pulsed field strengths of the order of 200,000 
1 1 their center, with mirror fields of the order of 300,000 gauss. 
M.Hini pI:i m:i sources then on hand were used as injectors for this 
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Toy Top model. In spite of the low energy of the plasma ions emitted 
by this source, it was hoped that the enormous increase in magnet i< 
field strength would produce the temperatures and densities necessary 
for thermonuclear reactions. Indeed, there was strong evidence of 
plasma heating with this model; measurements gave conclusive 
evidence that the process of adiabatic compression was effective in 
increasing the transverse energy of the particles roughly in accordance 
with the theory. Unfortunately, however, the other inadequacies 
of the ion source proved to be overriding, and neutrons were never 
reliably observed from the experiment. 

By this time, in mid-1954, storm clouds were already beginning to 
gather for a new impending difficulty: instabilities. The origin of this 
difficulty and the resultant impact on the magnetic mirror program 
will be discussed in Chapter 9. 


CHAPTER 6 


I) KVELOPMENT OF OTHER PROJECTS (PART I) 

In addition to the three major projects described in preceding 
Implers, a number of other developments of importance to the 
In i wood program occurred before the end of 1954. Some of the more 
I'liiiirant of these are discussed below. 

At Oak Ridge 

\i I lie Oak Ridge National Laboratory (ORNL), a small group 

• lit extensive experience in ion-source technology became inter- 
led m participating in the controlled fusion field. Under the 

dim lion of E. D. Shipley, theoretical studies were initiated in the 
1 1 *i P i part of 1952 and later supplemented by an experimental in- 
i ign l ion of several topics of general interest to the Sherwood effort. 

iU!r of plasma diffusion in a magnetic field 

< Mir of the most crucial problems in the Sherwood effort was the 
•i'h lion of how fast the plasma ions would diffuse across the con¬ 
ning magnetic field. The simple theory of diffusion predicted that 
• I nilr should be inversely proportional to the square of the field 
h mg! 1 1 (that is, to 1 /B 2 ). Under such conditions, it was not difficult 
■ how that the rate of loss of hot particles by this route could be 
pi lo ! olerable values by applying strong but achievable magnetic 
tli'ld*. 

However, the only available experimental data on this subject, 

• imird during World War II, had given results sharply in conflict 
.ih l he above theory. According to the interpretation given by 

l» Hulun, the experiments indicated that plasma oscillations were 
i In merhanism principally responsible for ion diffusion across mag¬ 
ic lields and that the rate of diffusion was inversely propor- 

.id lo the first, power of B (that is, to 1 /B). If true, this result im- 

I i luil very much stronger magnetic fields would be required to 

• p l he outward diffusion of the plasma within permissible limits. 
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Such enormously strong fields, if they could be produced at all, would 
require so much power input that it was questionable whether, in 
these circumstances, a controlled thermonuclear device could ever 
be a net power producer. 

It was thus of critical importance to the Sherwood Program to 
resolve the discrepancy and make a reliable determination of the rate 
of diffusion of a plasma in a magnetic field, both in the presence and 
in the absence of plasma oscillations. 

This task was undertaken at the Oak Ridge National Laboratory 
in the summer of 1953 by A. Simon and R. V. Neidigh. A lengthy 
series of experiments was carried out under conditions both similar 
to and differing from the earlier work of Bohm and group. While the 
results were initially perplexing,* strong evidence was accumulated 
in support of a 1 /B 2 dependence. In view of its importance to the 
future of the controlled thermonuclear program, it can be imagined 
that this encouraging evidence was heartily welcomed. 

Study of the charge-exchange process 

Another project of general interest to the Sherwood field was the 
measurement, carried out particularly by P. M. Stier and C. F. 
Barnett, of the cross section for various charge-exchange reactions. 
The process of charge exchange had long been recognized as a serious 
mechanism of loss of hot plasma particles from the discharge. As 
an example of the way in which this could occur, a cold neutral 
particle—a hydrogen atom, say, coming from the walls of the 
chamber—could wander slowly into the center of the discharge and 
transfer its electron to a hot plasma ion. The reaction involved may 
be indicated in the following way: 

(H°) cold b (H+) hot -> (H+) cold + (H°) hot . 


* Among the perplexing features was the fact that for a given magnetic 
field strength the magnitude of the diffusion coefficient was still consider¬ 
ably larger than that which would be expected from ordinary collision 
diffusion theory. This result has been shown to be a direct consequence of 
the finite size of the experimental apparatus and is in accord with the 
theory. There is reason to believe that in an endless tube such as a torus 
or a figure 8 the actual value of the diffusion coefficient would be identical 
with the theoretical value. 
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Tim hot ion thus would become a neutral particle and escape im¬ 
mediately through the confining magnetic field, dumping its energy 
i! I he walls of the chamber and possibly knocking out other cold 
m ill nil particles in the process. 

Since the probability of a charge-exchange reaction of this type 
may he extremely large (of the order of a hundred million times that 
Int fusion), it is clear that the number of neutrals which can be 
Inlrnited in the hot plasma is exceedingly small. This is one reason 
1 1 y very clean vacuum systems are required—systems with negligible 
a moil nts of adsorbed gases on their surfaces which could release cold 
m hi ml particles under bombardment. 

Ion source work; concentric arcs 

Si ill another important activity at Oak Ridge was the work car¬ 
ried out on ion-source development. In addition to designing and 
building the injector for use at Livermore (see page 62), the group 
cave u great deal of thought to completely different methods of in- 
j»'i lion and heating which might be used, with either stellarator or 
iMagnetic-mirror type confinement, to produce thermonuclear condi- 
l (ohm directly. 

One of the more interesting concepts, developed primarily by L. 
r Smith and J. S. Luce, involved the use of arc discharges along an 
muuI magnetic field, with an electric voltage applied across the field. 
In one version, shown in Fig. 6-l(a), a deuterium arc was formed 
along the axis of a cylinder within which existed a strong axial 
magnetic Held. The application of a large negative voltage (30 kilo- 
* ill i, say) to the concentric cylinder would draw deuterons out of 
i In low energy arc and accelerate them toward the outer cylinder. 
Mi • m imp of the action of the magnetic field, the particles would turn 
mmiumI and decelerate as they returned to the central arc. Thus an 
omulur ring near the outer cylinder would be filled with ions having 

.. sufficiently high to undergo thermonuclear reactions. Losses 

i i ohm out the ends would be minimized by the use of magnetic 
. hum or an endless tube. 

In m modified version of this concept (Fig. 6-lb), the configuration 
a « initially turned “inside out”: (1) the concentric metal cylinder 
• irplaced by a cylindrical deuterium arc which served as a source 
i low enngy deuterons, and (2) an arc at the axis, held at a large 
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negative potential, provided an inward acceleration of the deuterons. 
The advantage of this modified version was that it provided greater 
density of the energetic ions in the central portion of the cylinder. 

Rather extensive experimental work was carried out on these 
various arc concepts. Neutrons were produced with the discharge of 
Fig. 6-1 (a), and the experiment indicated that they came from the 
gas between the arc and the cylinder. While numerous difficulties 
were encountered, particularly with regard to preventing breakdown 
in regions external to the operating volume, the concept appeared 
promising in many respects. Indeed, it provided the basis for some 
of the work carried out later on rotating plasmas (see page 127). 

At the University of California 

In addition to the magnetic mirror program already under way, 
several new projects were started prior to or during 1954 at the UCRL 
laboratories in Berkeley and Livermore: namely, the work of W. R. 
Baker on the pinch effect and that of S. A. Colgate on a project 
known as “Collapse.” These projects are discussed briefly below. 
To coordinate and speed the progress of the Sherwood effort, the 
over-all program at both laboratories was placed under the direction 
of C. M. Van Atta early in 1954. 

Pinch work at UCRL, Berkeley 

In the spring of 1952, W. R. Baker of UCRL, Berkeley, became 
intrigued by the Los Alamos work on the pinch effect and revived 
some of his earlier work on discharges in hydrogen tubes. By produc¬ 
ing a large pulsed current discharge in a straight discharge chamber, 
Baker obtained clear photographic evidence that the current was 
being pinched toward the center of the tube. However, since it was 
believed that the new Livermore laboratory would assume full re¬ 
sponsibility for the Sherwood program at UCRL, the work was 
dropped after several months and not resumed until the end of 1954, 
at which time a more intense effort was made to develop the pinch 
approach. This later work is discussed in Chapter 10. 

Shock-heating; “Collapse” 

During 1954, S. Colgate instituted a program at UCRL, Liver 
more, to investigate the feasibility of shock-heating a plasma In 
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Outer Metal 

_Cylinder (Held 

at Large Negative 
Voltage) 


Paths of 
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Ions 
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Inner Cylindrical 
Deuterium Arc 



Outer Cylinder Consisting of 
a Concentric Deuterium Arc 


Inner Cylindrical 
Electron Arc (at 
Large Negative 
Voltage) 


Magnetic 
Field 


(b) 

Fig. 6-1. Concentric Arc System. The metal 
cylinder in (a) is held at a high negative potential, 
causing deuterons from the arc to accelerate to¬ 
ward it. Because of the magnetic field, however, 
the deuterons turn around and decelerate back to 
the central arc. Near the outer cylinder, the ions 
have energies high enough to undergo fusion, 
(b) In this modified version, a cylindrical arc of 
low-energy deuterons is formed parallel to the 
magnetic field with an arc along its axis held at 
a high negative potential. This arc causes the 
deuterons to accelerate toward the axis, giving 
a concentration of energetic ions in the central 
region of the cylinder. 
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thermonuclear temperatures using a magnetic field configuration 
essentially the inverse of that for the pinch. This configuration can 
be created by producing a very sudden discharge of current through 
a conducting sheet wrapped around the discharge tube, in the manner 
shown in Fig. 6-2(a). An equal but oppositely directed current slier! 
would then be induced within the plasma, starting initially near the 
walls, but driven rapidly inward toward the center as a result of t he 
buildup of the longitudinal magnetic field in the annular region, lb 
comparison with this analogous situation in the pinch, shown in 
Fig. 6-2(b), it is seen that the current and field configurations of lie- 
two systems are similar, but orthogonal (perpendicular) to each 
other. 

Here, however, the similarity ends. In the pinch configuration 
the magnetic field driving the plasma particles toward the center in 
creases in strength as they move inward, whereas in the inverse 
configuration the magnetic field responsible for the inward force drop 
off as the plasma particles move toward the center. The buildup <>l 
plasma pressure in the interior of the discharge sheet as a result ol 
its compression and heating by the shock causes the inward-moving 
plasma to come to a halt and to oscillate about some intermedia! <• 
radius, randomizing its translational energy and thereby increasing 
the temperature of the plasma still further. 

In preliminary investigations of this latter shock-heating procc 
(to which Colgate gave the name “Collapse”), the rapidly rising 
magnetic field was applied to a cold, un-ionized gas. It was found, 
however, that the rate of ionization by the induced electric field was 
too slow to permit the formation of a clearly defined shock fron! 

To overcome this difficulty, work was begun on a modified expm 
ment with provisions for pre-ionizing the gas and forming a sharp 
boundary layer prior to applying the final shock itself. The results <>! 
this work are discussed in Chapter 15. 


At Tufts College, Medford 

At Tufts College, Medford, Massachusetts, a small group working 
under contract with the Air Force had been studying the property 
of flow discharges in the presence of magnetic fields. Early in 1 ( .)5:\ 
this group became interested in the pinch effect and carried out small 
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(a) Configuration in “Collapse 



Fig. 6-2. Collapse Configuration vs. Pinch 
Configuration, (a) The sudden discharge of a 
current in the metal conductor encircling the dis¬ 
charge tube produces an oppositely directed cui- 
rent sheet in the plasma. In the annulus between 
th'se current sheets, an axial magnetic field is pro¬ 
duced, which drives the plasma inward, shock¬ 
heating it in the process. The collapse configura¬ 
tion is seen to be “orthogonal” to the pinch 
configuration shown in (b); i.e., the positions of the 
current and the magnetic field lines are inter- 
changed. 
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scale experiments involving this approach over a period of several 
years. While this work was never a part of the AEC program, 
several of the staff (W. H. Bostick and M. A. Levine) attended the 
AEC Sherwood conferences and made a number of valuable contri¬ 
butions. In 1954, Bostick joined the staff of UCRL, Livermore, to 
work on linear pinches; shortly afterwards, Levine transferred to the 
Cambridge x\ir Force Research Laboratory, where he continued 
much of his earlier work under the direction of M. O’Day. 

At New York University 

Because of the complexity of some of the theoretical problems 
which were being faced in the Sherwood field, it was felt desirable to 
obtain the assistance of some of the staff of the Institute of Mat hr 
matical Sciences at New York University (NYU). This Institute, 
under the direction of R. Courant, was particularly qualified in the 
closely related field of gas dynamics, shock waves, and electrody¬ 
namics. 

At the instigation of the Division of Research, a small theoretical 
program in the Sherwood field was started at NYU in the spring of 
1954. Under the direction of H. Grad, a wide variety of theoretical 
problems was studied, with emphasis on the application of known 
methods in gas dynamics to the field of magneto-hydrodynamics (the 
behavior of a plasma in a magnetic field). 

Over the ensuing years, a number of important contributions wen* 
made on subjects of interest to the Shenvood program. Several 
aspects of this work will be discussed in Chapter 14. 

Additional Developments 

It is appropriate to mention here several additional developments 
that made their appearance before the end of 1954. Some of these 
are discussed in more detail in later chapters. 

At the Berkeley Sherwood Conference in April, 1953, M. L. Good 
of UCRL proposed a scheme for the containment of a hot plasma 
by means of radiofrequency electromagnetic fields in a resonant 
cavity. After rather detailed theoretical consideration of this pro 
posal, however, it was generally concluded that the particle density 
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„nd temperature that could be achieved in this way would not be 
xlequatc for Sherwood purposes. 

In February, 1953, a wholly new concept for a controlled thermo¬ 
nuclear device was disclosed to the Commission by N. C. Christofilos, 

, l S. citizen who had lived most of his life in Greece and had just 
i urned to the United States. Shortly before his return, Christofilos 
Inn 1 worked out by himself the general principles of his thermo- 
ui lciir concept. 

Dais proposal was carefully reviewed and evaluated. Because ol its 
jHitt'hliul importance, Christofilos was invited to present his views 
"i m special session held at the end of the classified Sherwood con- 

1 .. 1 ..nee oil April 7, 1953. The general conclusion was that, while 
mgi-ninns, the concept forwarded by Christofilos was complex and 

i,i,|,- in its original form. Serious doubt was cast on the feasibility 
,,i certain of its features, and it was suggested that Christofilos 
linuld analyze these topics further. 

I pon accepting a position at Brookhaven in 1953 to work on other 
.„„Hcrs, Christofilos continued to spend part of his time on modifying 
,,„l improving his concept in an effort to overcome the objections 
, Inch had been raised. Further discussion of his approach, which 

1 . 1 . t received AEC support, is given in Chapter 16. 

-Mill another concept for a controlled thermonuclear device was 

.posed to the AEC in July, 1953, by R. R. Wilson of Cornell 

l in versify. Simply described, it involved heating the plasma by 

.ns of a converging electrodynamic wave in the presence of an 

.using magnetic field. This proposal, which was explored expen- 

-ueiilally by J. W. Mather at Los Alamos, using an apparatus known 
. lug, produced a short-lived flurry of activity and optimism. While 
,i was subscouently judged to be of limited interest in its original 
i .11 hi, it provided the basis for much of the later work on shock heat- 
my, nl u plasma. 

In September, 1953, the California Research and Development 
• ,,i poi nt ion, which had been working under AEC contract on the 
i. M-lopment of a large accelerator at the Livermore Laboratory and 

, familiar with the work on Sherwood magnetic mirror activities 
■ l„ i, , proposed the initiation of a research and development project 
„, ..King the injection of a high-energy dcuteron ion beam into a 

Inlivcly low-energy plasma confined by magnetic mirrors. It was 
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finally decided, however, that this proposal did not constitute a 
sufficiently different approach to warrant starting a separate project 
at that time. 

During 1954, W. H. Bennett, of the Naval Research Laboratory 
(NRL), submitted to the AEC a novel proposal for producing thermo 
nuclear reactions. He proposed creating, by means of a special 
accelerator known as a “polytron,” a self-focusing stream of high 
energy ions, neutralized by low-energy electrons. The relative energies 
of the ions in the beam would be sufficient to produce thermonuclear 
reactions. While apparently correct in principle, this concept was 
not pursued, since it was judged that in practice the ion currents 
could not be made sufficiently large for practical Sherwood purposes 

A small research project on shock waves was begun at Brigham 
Young University (Utah) under the direction of R. Hales. This 
effort was a continuation of work which Hales had undertaken earlier 
at Livermore, in connection with the magnetic mirror program. 

Several other laboratories (e.g., the Naval Research Laboratory 
and Massachusetts Institute of Technology) expressed interest in 
the Sherwood program, and the Commission took steps to encourage * 
their participation. 


CHAPTER 7 


THE COORDINATION AND ADMINISTRATION OF 
THE SHERWOOD PROGRAM (PART I) 

1951 to End of 1954 

\ pointed out in the preceding chapters, the major programs in 

• •inI rolled fusion sprang up more or less spontaneously at throe 
different laboratories about the country. Partly for historical 
m imis, the responsibility for each of these three Sherwood projects 
•mlomatically fell under a different division of the Atomic Energy 
1 '»nimission: that at Los Alamos was the responsibility of the Divi- 

mii of Military Application; that at Livermore fell under the Divi- 
< mu of Reactor Development, which at that time had responsibility 
l mi much of the work at UCRL; and that at Princeton was under the 

I >i\ ision of Research. 

because of the research nature of the effort, however, the Com- 
im ion requested T. H. Johnson, Director of the Division of Re- 

• »icli, to take the initiative for directing and administering the 
liei wood program as a whole. In this function, it was his responsi¬ 
bility to keep the Commission informed of the technical progress 

• I llie program; to advise in such matters as its program, its scope, 

I I nfalling, its financing; to recommend levels of effort; to stimulate 
new interest and activity; and to undertake many other matters. 

• vend of these topics are discussed briefly below. 

Sherwood Conferences 

< >nc of the immediate requirements in the early days of the Sher- 

• hmI effort was to attract additional qualified people to participate 
! he program and to stimulate the flow of new ideas. Both for this 

pui pose and also to assure adequate interchange of information 
mniig (he various projects, Johnson inaugurated a series of classified 
•tilcicnces in the controlled thermonuclear field. 

I he first conference of this type, dedicated to a discussion of the 
emblems involved, the approaches under way, and the outlook for 
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eventual success, was held at the University of Denver on June 2S 
1952. In the hope of encouraging work at other AEC sites, reprc 
sentatives were invited from most of the major laboratories, and tli. 
meeting was attended by more than eighty scientists. 

A similar but slightly smaller meeting was held some nine monlli 
later, on April 7, 1955, in Berkeley, California. Following presen in 
tion of the technical papers, a round-table discussion was held on tlw 
present status and future hopes of the Sherwood effort. The pari i 
cipants were E. Teller, L. Spitzer, Jr., E. McMillan, R. F. Post 
J. L. 1 uck, and M. H. Johnson. While there was a healthy divergence 
of views concerning the optimum method of producing thermonu 
clear reactions, on one point there was universal agreement: that 
there appeared to be no fundamental reason why such a goal should 
not eventually be achieved. 

These conferences* and those which followed proved fruitful in 
every respect. Besides surveying the technical progress of the major 
programs, they provided a welcome opportunity for discussing new 
ideas and presenting work in related fields. 


1 he Question of Appropriate Classification 

From the very beginning of the Sherwood effort, the question arose 
as to the security classification which should appropriately be ap 
plied to this work. On the one hand, it was well recognized that sue 
cess in the controlled thermonuclear field would provide a new and 


* The major Sherwood Conferences were the following: 


Date 

June 28, 1952 
April 7, 1953 
June 24, 1954 
October 26-27, .1954 
February 7-9, 1955 
June 10-11, 1955 
October 17-20, 1955 
June 4-7, 1956 
February 20-23, 1957 
October 17-18, 1957 
February 3-6, 1958 


Location 

Denver, Colorado 
Berkeley, California 
Los Alamos, New Mexico 
Princeton, New Jersey 
Livermore, California 
Los Alamos, New Mexico 
Princeton, New Jersey 
Gatlinburg, Tennessee 
Berkeley, California 
Princeton, New Jersey 
Washington, 1). C. 
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"pmus source of neutrons—neutrons which could then be used, if oik* 
ho ir, to produce special material, such as plutonium, having great 
military value. At that time, in 1952, neutrons were a scarce* and 
-pensive commodity, capable of being produced in quantity in 
• »l\ a, very few countries. It was thus clear that the quick realiza¬ 
tion of a controlled thermonuclear device would have appreciable 
military significance. This fact alone constituted strong justifieation 
1 »i carrying out the work on a classified basis. 

i in the other hand, it was also recognized that the work was in 
the very early stages of research and that in all probability a great/ 
i tny years of intensive effort would be required before a full-scale 
thermonuclear device could be successfully developed. Over a time 
de of this magnitude, the military importance of such a device 
Mild be expected to decrease considerably. It was also clear that 
the work would necessarily proceed at a somewhat slower pace if it 
eie carried out on a classified basis. Recruiting qualified people*, 

1 a example, would become much more difficult, particularly in the 
c e of Princeton, which had very few staff members already cleared 
i"i work on classified projects. 

t Agent arguments could thus be advanced both for and against 
tie desirability of carrying out the Sherwood work on a classified 
1 i i , and the matter was deliberated at great length in the labora- 

.. . at the Sherwood meetings, and throughout the Commission. 

1 he advice of many people was sought and many widely divergent 
mu : were expressed. After considering all aspects of the matter, 
ih. ( Ammission finally decided that the work should continue on a 
I • died basis for the time being, pending a better determination of 
'•< problems involved and the difficulty of achieving success. 


The Magnitude and Coordination of the Effort 

I here was, however, strong interest on the part of the Commission, 
>d particularly its chairman, L. L. Strauss, to ensure that the 
"•gram move ahead with all possible speed and that it not be ham- 
i • m d by problems of organization or finance. To this end, a meeting 
• mivened in Washington on September 21, 1953, for the express 
' "pn e () f determining, in the light of the progress made to date and 
h< outlook for success, how rapidly the program should be pushed 
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and how big a gamble could appropriately be taken at this stage. 
In addition to the Commission staff, the following were present. 
E. O. Lawrence, J. Von Neumann, R. F. Post, I. I. Rabi, L. Spitzer, 
Jr., E. Teller, J. L. Tuck, and R. R. Wilson. 

Among the conclusions of this meeting, it was generally agreed: 

(a) that the Sherwood effort should be considered as a long-range 
proposition and that it was idle at this stage to speculate on tin* 
economics of full-scale thermonuclear reactors, 

(b) that the field might well prove to be extremely important- 
perhaps the most significant of all the AEC activities—and that a 
more intensive developmental effort was surely justified, 

(c) that while additional basic research was required before the 
projects could be profitably expanded to any appreciable degree, il 
was likely that a number of heavy engineering projects could ap¬ 
propriately be undertaken during the following year, and 

(d) that in preparing for a rapidly expanding effort, it would be 
advantageous to increase the coordination of the over-all program 
and establish still closer working relationships among the labora¬ 
tories engaged in the work. 

In accordance with these views, a number of organizational 
changes were instituted within the Commission during the nexl 
several months. As mentioned earlier in this chapter, the spontane 
ous development of the various Sherwood projects had resulted in 
diversified administration of their activities under three separate 
divisions of the AEC. Steps were now taken to centralize completely 
the direction, coordination, and administration of the entire Sherwood 
program under the Director of Research, T. H. Johnson. In turn, 
Johnson delegated the responsibility for handling these matters b> 
A. S. Bishop of his staff. 

To ensure still greater unification and coordination of the work in 
the major projects, Johnson established a Sherwood Steering Com 
mittee, composed of E. Teller as chairman, W. Brobeck, L. Spitzer, 
Jr., and J. L. Tuck, with A. S. Bishop as executive aide. The purpose 
of this advisory committee was to assist the Division of Research in 
such matters as evaluating the progress made and the program 
proposed, suggesting what new research projects should be under 
taken and by whom they might best be carried out, and recommend 
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ni)i; appropriate levels of activity. From its inception in Januaiy, 
lii.VI, | he Committee met fairly regularly at four-month intervals. 

Steps were also taken to intensify the Sherwood effort as soon as 
possible. Plans were drawn up with the project directors to move 
■ head at more than twice the pace originally contemplated, with 
provisions for still further increases if the results were exceptionally 
i *i nmising. 




















CHAPTER 8 


PLASMA DIAGNOSTICS 

In previous chapters we have discussed the beginnings of several 
different approaches to the problem of confining and heating a 
plasma. Before taking up the next phase of the work, let us diverge 
for a moment and consider a topic essential to the progress of all 
approaches. This is the matter of determining, or “diagnosing,” 
exactly what is happening in the experiments being performed. 

One must, for example, be able to answer such questions as: Whal 
temperatures are being achieved? What is the density of the ions 9 
How long does the plasma remain confined? What impurities arc 
present and to what extent? This is the so-called field of "plasma 
diagnostics, ” in which the investigator determines the characteristics 
and behavior of the plasma. Several of the more important tech 
niques developed for this purpose are briefly described below. 

Photography 

One of the more valuable techniques is that of photographing the 
plasma within the discharge tube. Since the discharge usually lasts 
just a fraction of a millisecond, high-speed photography is required. 
Two types of equipment have been used with marked success: 

(a) “Streak” (or “smear”) cameras which incorporate a rapidly 
rotating mirror. Light from a narrow section of the discharge tube 
is focused onto the mirror, from which it is reflected to a strip of 
film in the form of an arc (see Fig. 8-la). The rapid rotation of the 
mirror sweeps the light over the film and, by properly synchronizing 
the shutter, one may obtain a continuous record of the behavior of 
the discharge over the brief period of interest. Using this technique, 
it was possible, for example, to obtain clear evidence of the instability 
of the pinched discharge. The formation of the pinch and subsequent 
development of the kink instability would appear roughly as shown 
in Fig. 8-1 (b). 

(b) “Image converter” cameras, with which it is possible to ob 
tain an image of the discharge covering a period as short as a mil 
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Time, microsec 


* 


beginning of the 
Discharge 

(b> 


* * 


Pinch Fully Onset of the 
Developed Instability 


Fig. 8-1. Streak Camera, (a) Light from the 
plasma discharge is reflected from a rapidly rotating 
mirror onto a strip of film, (b) Sketch of a photo¬ 
graph from a streak camera, showing the formation 
and breakup of a pinch discharge. 
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lionth of a second. With this camera, which uses electronic amplifi 
cation, one may select at will the exact instant at which the photo¬ 
graph is to be made. Hence, by taking a sequence of pictures of dis¬ 
charges at successively delayed intervals, it is possible to obtain a 
detailed record of the behavior of the plasma. 

Spectroscopy 

A more important means of plasma diagnostics is by spectrograph ic 
analysis of the light emitted in the discharge. Without going into 
details here, suffice it to say that this type of analysis can provide 
detailed information concerning such matters as (a) the composition 
and the degree of purity of the plasma, (b) the electron temperature 
(by measuring, for example, the relative intensities of certain spec 
tral lines or the rate at which electron collisions ionize atoms), and 
(c) the ion temperature (by measuring the “Doppler broadening” of 
individual spectral lines, resulting from the motion of the ions them 
selves). 

Both photography and spectroscopy are extremely useful diagnos 
tic tools in the early stages of research and development, that is, for 
plasma temperatures up to several million degrees. For higher tern 
peratures, however, any plasma of high purity is essentially com 
pletely ionized and thus, strange as it may seem, emits relatively 
little visible light. Optical methods of analysis are then of limited 
usefulness, and other techniques become increasingly important. 

Microwave interactions 

Another powerful technique is to probe the plasma with a beam 
of high-frequency electromagnetic radiation (microwaves). By 
measuring the phase shift, absorption, and scattering of microwave 
radiation propagated through the plasma region, valuable informa 
tion can be gained concerning the electron density therein. In addi 
tion, electron temperatures may be deduced from microwave “noise 
emitted from the plasma. 

Magnetic probes 

In many experiments, it is desirable to know the strength of the 
magnetic confining field at one point or another within the discharge 
tube. A knowledge of this field strength can yield valuable informa 
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Mmii concerning the effectiveness of plasma confinement; it may, in 
• •me eases, even permit plasma temperatures to be deduced. (See 
i luipter 10.) 

< >ne of the more important techniques is the use of magnetic probes, 
<»n isting of tiny coils of wire about a millimeter in diameter, em¬ 
bedded in the ends of small quartz tubes. Such tubes may be pushed 

• M lo any desired region of the discharge chamber; voltages induced 
m l lie probe coils then give a measure of the rate of change of field 

ilength at that point. 

While probes are extremely useful in many experiments, there are 

• \ eml limitations to their use. One difficulty is that they introduce 
impurities as a result of partial evaporation of their walls by the dis- 

Ilarge. Another is the fact that, tiny as they are, they nevertheless 
i‘Mid !o perturb the discharge locally; as a result, the accuracy of the 
in I urination they yield may be subject to question. 

Neutron emission 

< Vrfainly one of the more satisfying methods of plasma diagnostics 
' mild be by measurement of neutrons emitted from thermonuclear 
■ • actions in the plasma itself. As pointed out in Chapter 1, the rate 

i fusion reactions between deuterons increases very rapidly with 
1 • inperat ure up to about 100,000,000°K. Below a million degrees or 

• tin* number of neutrons emitted would be too few to be de- 

!• • table. Between these two limits, however, neutron emission can 
.. id<‘ a sensitive method of measuring plasma temperatures. In 

• ddition, it can yield information on plasma density and position. 

I'licre are a number of different ways of detecting the emitted 

• ui ions. One of the more common methods is to use photographic 
null. 1 ions v id look for the tracks left in the emulsion by the recoil 
i nuclei that have been struck by the neutrons. Another is to use 

ml dial ion counters, which detect neutrons by the flashes of light 
mil led as a result of knock-on collisions in the scintillator material. 
\ word of caution is appropriate, however, concerning the use of 

• ui mns as a diagnostic tool. Care must be taken to ensure that the 

• ui ions really originate from fusion reactions within the plasma 

• i • II and not from other spurious processes of relatively little in- 

• h i As will be seen in later chapters, the distinction is often diffi- 

• ill (o make, and initial interpretations may be misleading. 
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Other methods 

In addition to those described briefly above, many other diagnostic 
techniques have been developed and found useful in the Sherwood 
field. Electron energies can, for example, be determined from x-ray 
measurements. Changes in size, shape, or position of plasma body 
can be inferred from the measurement of voltages and currents in¬ 
duced in external circuits. Escape rates of ions and electrons from 
the confinement region can be deduced from Faraday cups and other 
charged-particle collectors. 

Rapid strides have been made in the field of plasma diagnostics 
during the past few years. Early techniques have been improved 
and new ones developed. While each has a limited range of accuracy 
or usefulness, the knowledge gained from one method tends to com 
plement or extend that gained from another. In this way, slow but 
steady progress is being made toward accurate diagnosis of plasma 
behavior over a wide variety of operating conditions. 


CHAPTER 9 


THE QUESTION OF STABILITY 
Utowing concern 

During the early days of the Sherwood program, the degree of 
understanding concerning the behavior of a plasma in electric and 
magnetic fields was exceedingly small. Simply to compute the be- 
1 111 \ ior of individual particles in these fields was sufficiently compli- 
ii i d , the problem of determining the joint motion of a group of 
i hi t (ides, taking into account all their interactions, was much more 

• .implex. 

\ a result, relatively little thought had been given to the general 
emblem of stability and the criteria for achieving a stable system. 

< al«’illations had, in fact, been carried out for only one specific case 
i ml (‘rest in the Sherwood field, that of the simple pinch (see 

• linpler 3). The results of these calculations had certainly given 
mu grounds whatsoever for complacency; the configuration had been 
i mu iid lo be unquestionably and inherently unstable. 

While there was little discussion of the matter because of its com- 
(ili sily, there was growing concern, particularly on the part of E. 

I . Her, that the stellarator and magnetic mirror configurations might 
<d m hr subject to instabilities. 

I rllrr’s criterion for stability 

the matter came to a head in October, 1954, at a Sherwood con- 
i. iruee held at Princeton. It was then that Teller finally gave voice 
i m his eoncer i over this matter and suggested on intuitive grounds a 
.tuple criterion for determining the stability of a plasma confined 

• \ ii magnetic field. 

Idler pointed out that, figuratively speaking, magnetic lines of 
.i. «• lend to act like rubber bands, contracting and shortening them- 
d\< wherever possible. The plasma, on the other hand, behaves 
lit. a gas under pressure seeking to expand to larger volumes. One 
might therefore expect that any configuration of the type shown in 
I i,. «> I (a), in which the magnetic field lines bend concavely toward 
ihe plasma, would bo unstable, since the magnetic field and plasma 
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would tend to interchange positions. The magnetic field lines would 
seek to shorten themselves by moving into the region initially or 
cupied by the plasma; the plasma, in turn, would seek to expand in< <> 
the region initially occupied by the magnetic field. Conversely, ;i 
configuration similar to that shown in Fig. 9-1 (b) would be expected 
to be stable, since here the magnetic field lines bend convexly away 
from the plasma and do not seek to interchange position with i! 
The intermediate case, shown in Fig. 9-1 (c), could then be said to 
have neutral stability. 

Teller’s suggestion caused grave concern at the conference, for 
(if valid) it implied that in addition to the known (kink-type) in 
stability of the pinch geometry, the stellarator and the magnetic 
mirror configurations should also be unstable. In both of these 
latter approaches there were regions where the magnetic field lines 
bent concavely toward the plasma and "interchange instabilities” 
would hence be expected to develop. 

Much discussion was aroused, and the experimental data available 
at that time were reviewed for evidence in support of, or conflicting 
with, the view advanced by Teller. Unfortunately, the data were too 
meager for any conclusions to be drawn one way or the other. More 
over, it was pointed out that in the experimental work performed up 
to that time the plasma pressure had always been small in comparison 
with what the magnetic field was capable of exerting. It seemed 
reasonable to believe that interchange instabilities, if they were to 
occur at all, might arise only when these two pressures approached 
comparable size. To put it another way, it appeared logical that in 
stabilities would be more likely to appear under conditions of high (t 
than under the very low 0 conditions which had been realized in 
the experimental models to date. 

Picket-fence concept 

With doubt cast on the stability of all the approaches being pm 
sued, the question arose as to whether, under the criterion tentatively 
proposed by Teller, it was possible to devise any method of plasm:i 
confinement which would be inherently stable. In answer to llu 
question, Tuck proposed a concept which he had formulated at bn 
Alamos in connection with another matter. 

In this concept, to which the name of “Picket Fence” was given. 
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(c) Configuration with 
Neutral Stability 


Fig. 9-1. Criteria of Stability. In (a) the 
magnetic field lines tend to bend inward, inter¬ 
changing position with the plasma. In (b) the field 
lines bend away from the plasma and there is no 
tendency for interchange of position. The inter¬ 
mediate state (c) may be said to have neutral 
stability. 
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current is passed through an array of conductors to produce a mag 
netic field configuration shown schematically in Fig. 9-2. Here, 
the lines of magnetic force everywhere bend convexly from the plasm;i, 
thereby satisfying the Teller requirements for stability. With ;i 
configuration of this type, one could envisage numerous ways in 
which the plasma could be enclosed and confined. 

The suggestion of the picket-fence concept did little, however, 
to dispel the atmosphere of gloom which settled over the conference 
toward its end. The stability criterion which had been suggested by 
Teller was admittedly tentative, but it seemed dismayingly reason 
able; perhaps more important, it brought the whole of the Sherwood 
program face to face with a problem which threatened its very 
existence. 

Subsequent confirmation 

In the next several months, the attention of theorists and experi 
mentalists alike was turned toward study of the difficult and com 
plex problem of stability. For a time, all that could be obtained 
were incomplete or too-limited theoretical treatments of the problem 
Then, independently, three different and incontrovertible proofs <>l 
the correctness of these criteria appeared, as a result of the hide 
pendent work of E. A. Frieman at Princeton, H. Grad at N.Y.l , 
and C. L. Longmire at Los Alamos. In particular, Frieman’s trc;d 
ment was for a configuration of magnetic field lines approximating 
those occurring in the stellarator and magnetic mirror machine 
Under the assumptions made, the results gave clear evidence 4 <>l 
instability; moreover, they predicted that the instability should 
occur for all values of 0, rather than simply for high values. 

These results, reported at a Sherwood conference in Berkeley in 
February, 1955, were confirmed and extended by a team of theoret irnl 
physicists working at Los Alamos during the summer of 1955. Tin 
group, which included C. L. Longmire, M. N. Rosenbluth, M. I 
Goldberger, and K. M. Watson, analyzed the problem in a numbn 
of different ways. While the cases considered theoretically wen 
admittedly only an approximation of the more complex experiment:iI 
conditions, the weight of evidence pointed ominously in the direction 
of instability for both the mirror machine and the stellarator. 

The impact of these theoretical results on each of the cxpcrimcntiil 
programs is discussed in the following chapters. 
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(x) Conductor with Current into Paper 


Fig. 9-2. Picket-Fence Concept. Current- 
carrying coils are so arranged that the resulting 
magnetic field lines bend convexly away from the 
plasma at all points, thus giving a stable configura¬ 
tion. 





















































































CHAPTER 10 


THE PINCH PROGRAM (PART II) 

A. From 1955 to Mid-1956 

Of all the Sherwood projects, the pinch program was probably 
the least affected by the recent concern over stability. From the 
very beginning, the pinch had been recognized to be unstable; now 
it appeared that other approaches might possibly join its ranks. 

In any case, the alternatives were still much the same as before: 

(a) If worse came to worst, and all existing programs appeared 
doomed by instabilities, there was always the possibility of turning 
to some configuration such as Picket Fence (page 86), which ap 
peared to possess inherent stability. To do this, however, mean! 
jettisoning the work already done and beginning again with a wholly 
different approach. 

(b) A second alternative would be simply to give up all though! 
of stable operation and try instead to produce a very fast and power 
ful pinch, in the hope of achieving significant amounts of thermonu 
clear burning in the brief interval before the onset of instabilities. 
As mentioned earlier (pages 31-32), a practical reactor based on 
a “dynamic” pinch of this type appeared to require enormous equip 
ment, from which energy would be released in the form of minor 
explosions! 

(c) But best of all, of course, would be to find some method of 
stabilizing the pinch configuration. This possibility was unqucs 
tionably intriguing; the only difficulty was that no one knew how to 
do it. 

Needless to say, the outlook was not altogether cheerful; bu! 
neither was it any worse than it had been before. In the absence of 
any obvious advantage of one alternative over the others, all three 
were investigated more or less seriously. A summary of these in 
vestigations is presented below. 

Picket Fence 

The picket fence concept was examined in some detail by a small 
group at Los Alamos, with additional theoretical assistance from II 
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inydor at Brookhaven. Analysis showed, however, that while this 
method of plasma confinement apparently offered the valuable fea- 
iurc of stability, it suffered a severe disadvantage of another nature: 

H was “leaky.” Individual particles moving in the magnetic field 
, ociated with the picket fence configuration would tend to squeeze 

i it it 1 hrough the small openings between the lines of force long before 
l |,cy would be likely to undergo fusion with one another. Various 
methods were proposed to decrease this loss, but none gave any hope 
,,f success. Because of the increasingly favorable outlook for other 
.pproaches, further work on Picket Fence was eventually shelved 
.( Los Alamos. However, an interesting and promising modification 
..I (his concept was studied in detail by a group at New York Univers- 

ii y (see Chapter 14). 

i ust pinch; origin of neutrons 

Meanwhile, intensive work was underway—both by Tuck’s 
group at Los Alamos and, more recently, by a group under W. Baker 

ii i UCRL, Berkeley—to exploit the concept of the fast pinch. As 
puinted out earlier (pages 28-31), the theoretical results of Rosen- 
1, hith indicated that high voltage gradients were required to produce 
, last pinch and the high associated temperatures. To facilitate 
,, hieving such gradients, experiments were carried out with linear 
,h .charge tubes, and special care was taken to minimize the induct- 
, nee of the system as a whole. 

Early in 1955, shortly after the experimental models* were put 
into operation, neutrons were detected nearly simultaneously by 
I hr groups at both laboratories. They appeared sporadically at first 
uni in a wholly unreproducible manner. On one discharge, there 
might be as many as 10 5 neutrons; on the next attempt, with ap¬ 
parently identical operating conditions, the number might drop by 
, factor of fifty or more. 

However, as the result of a series of improvements, many of them 
• mim ical in nature, the production of neutrons became increasingly 

miMstent, and it was possible to undertake meaningful experiments 
lo determine their origin and nature. The big question was whether 

♦ Culled “Columbus 1” at Los Alamos and “Linear dynamic pinch” at 
Ihakclcy. 
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or not the neutrons were really of thermonuclear origin. Said an 
other way, the question was (a) whether the neutrons originated 
within the discharge itself as a result of the fusion of uniformly hoi 
deuterium plasma in random thermal motion, or (b) whether they 
had been produced by relatively few plasma ions which had somehow 
been accelerated unidirectionally to high energies (the rest of the 
plasma remaining relatively cold), and which were striking other 
deuterium ions adsorbed, say, on the electrodes or walls of the dis 
charge chamber. The first process would be of real interest, the 
second of trivial value. 

The series of elaborate experiments, carried out at both labora 
tories with direction-sensitive neutron counters and nuclear emu I 
sions, showed conclusively that the neutrons were coming from 
neither the electrodes nor the walls of the discharge tube. Instead, 
they were orginating within the interior of the plasma discharge 
itself. In another set of experiments, it was found that the neutron, 
were still observed when the voltage applied to the discharge tube 
was reduced to 10 kilovolts or less, provided that compensation 
were made to ensure (in accordance with the requirements of tin* 
theory) the same velocity of inward motion of the magnetic wall. 
From these results, it seemed clear that the neutrons were not being 
produced by high-energy deuterons impinging upon the walls or 
electrodes of the discharge tube. Hope ran high that they were ol 
true thermonuclear origin. 

This hope was short-lived, however. Two bits of evidence wen* 
accumulated that could not be reconciled with the theory of thermo 
nuclear origin. In the first place, the number of neutrons observed 
was too great; under the operating conditions of the experiments, the 
temperatures predicted from the Rosenbluth theory were too low I < > 
produce so many neutrons from fusion reactions. The second and 
even more convincing evidence was the result of a careful study ol 
the energy spectrum of the neutrons which were emitted. This study, 
carried out initially at UCRL, Berkeley, showed that while the 
neutrons were coming from the body of the discharge, the deutemn 
responsible for their production (through the D-D reaction) wen 
unquestionably moving with rather high velocities in the axial 
direction. The deuterons, therefore, did not have random velocilir 
as required for true thermonuclear conditions. Instead, they li.nl 
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nmchow acquired axial velocities greater than they could have 
11 hieved by being accelerated the entire length of the tube!* 

this was a real paradox, and numerous proposals were advanced 
I.. explain it. Perhaps the most widely accepted explanation was I lint 
I imposed by S. A. Colgate early in 1956. He concluded that the 
m illron production was associated with the onset of the pinch 
, h lability. More specifically, he showed that in the development of 
ihe “sausage-type” instability (see Fig. 10-1), very large axial 
ullages could develop across the pinched-off regions voltages 
i \ rial times higher than that applied across the tube itself. I aider 
ihr influence of such voltages, a small fraction of the plasma ions 
•. mild be given high velocities along the axis of the tube and would 
, ..Hide with other (cooler) plasma particles in th(* main body of the 
pinch. It was easily possible, on the basis of this proposal, to account 
h.i lI k* large number of neutrons observed. 

Since the plasma as a whole had not been raised to thermonuclear 
temperatures, the neutrons produced in this process were clearly ol 
m»//thermonuclear origin, and were given the name of “instability 
,,rill ions” (or “false neutrons”). The study of these spurious part- 
1 , h provided an interesting diversion; it was recognized, however, 
ihat the immediate goal was to increase the temperature ol the 
pin ma as a whole before the onset of any instabilities. Then and 
1( iilv then could “real” or thermonuclear neutrons be expected. 

< )no immediate difficulty appeared to stand in the way of achiev¬ 
ing I his goal. For satisfactory operating conditions, it was essential 
I mi I h<* gas to be fully ionized before the pinch voltage was applied, 
i h hrrwise the later ionization of gas left behind near the walls would 
lend to slow the inward motion of the pinch and prevent the achieve- 
Mi, nl of v igh plasma temperatures. It was thus necessary to develop 
, nt isfactory method of “preheating” the gas before applying the 
pinch voltage. At Los Alamos, work was begun on the second model 
,,, the Columbus series, a powerful device known as Columbus II, 
m which provisions were made for plasma preheating. 


♦ l or example, with only 20 kv applied across the tube, the deuterons 
pun ibl(* for producing the neutrons were found to have an average 
nt igy of the order of 50 kiv. 
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Stabilization of the pinch 

Meanwhile, the outlook for stabilizing the pinch took a sudden 
turn for the better. Largely as a result of the efforts of Colgate, the 
question was raised again as to whether complete stabilization might 
not be achieved by a suitable combination of (a) an axial magnet i< 
field in the interior of the pinch to stabilize the sharp (short wave 
length) kinks, and (b) conducting walls around the discharge tube 
to stabilize the broad (long wavelength) kinks. A drawing of such 
a configuration is shown in Fig. 10-2. 

This approach had been considered earlier (see pages 28-29), 
but in the specific cases analyzed at that time, it had not been found 
possible to achieve adequate stability. Toward the end of 1955, how 
ever, M. N. Rosenbluth (LASL) made a more general mathematic; 1 1 
treatment of the problem and found that the above combination 
should, in fact, provide complete stabilization of the pinch if certain 
specific conditions were met. Among the more important of these 
conditions were (1) that the radius of the fully formed pinch not be 
any smaller than one-fifth the radius of the discharge tube, and (2) 
that there be a sharp boundary between the region containing the 
axial magnetic field (and hot plasma) and that containing the en 
circling (azimuthal) field outside. 

B. Mid- 1956 to 1958 

Experimental confirmation of stabilization 

The above possibility of pinch stabilization constituted a major 
landmark in the pinch program and stimulated a surge of expon 
mental activity at both Los Alamos and UCRL. Numerous modol 
were put into operation over the following two-year period in an H 
fort to confirm the predictions of the theory, or at least to determine 
its limitations. Several of the more important experiments are in 
dicated in the chart of the Pinch Program in Appendix X. 

To gain experience as quickly as possible, much of the equipment 
previously used in the fast pinch work was modified to permit studie 
of stabilization. As a result, the first experiments on stabilizat ion 
used linear discharge tubes (of quartz or some other insulating m i 
terial), surrounded with closely fitting conducting walls and encircled 
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Fig. 10-1. Proposed Origin of Instability 
Neutrons. Instability neutrons may be produced 
as a result of deuterons accelerated axially by volt¬ 
age induced through the onset of a ‘‘sausage-type’’ 
instability. 
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with current-carrying coils to provide the necessary axial stabilizing 
field. It was of course recognized that if the pinch could be effeo 
tively stabilized, it would be essential to shift later to torodial con 
figurations to avoid the cooling effect of electrodes. 

Experiments carried out during 1956 with the small linear tube 
were indeed rewarding. Measurements by a variety of method 
showed conclusively that the pinch could be made to last for sign i I i 
cant periods of time prior to breakup—periods five to ten time, 
longer than had been previously possible. Another encouraging re 
suit was that, in accordance with theoretical predictions, the stability 
could be altered by modifying the amount of axial magnetic field 
external to the pinch. Detailed studies were begun to determine e\ 
perimentally the exact conditions for stability and the reasons for 
final breakup. 

Period of stabilization; interdiffusion of fields 

One problem of immediate interest was to determine how long 1 hr 
pinch might be expected to stay stable. Clearly, it would not las! 
ad infinitum. The axial stabilizing field would be expected to expand 
into, and mix with, the encircling magnetic field of the pinch. AI 
some stage, then, the pinch would be expected to become unstable 
and break up. Thus the period of stability should be determined by 
the rate of intermixing, or interdiffusing, of the two fields. Tin 
rate should, in turn, depend on the plasma temperature. The higher 
the temperature, the lower would be the rate of intermixing, and 
hence the longer would be the time before pinch breakup. Then 
retical studies showed that for full thermonuclear temperature 
(100,000,000°K or more), this time should be very long indeed, main 
seconds for a pinch of moderate size. It could therefore be ant ie 
ipated that if high temperatures could once be reached in a stabi 
lized pinch, the discharge should remain stable long enough to allow 
extensive nuclear burning. 

While on the one hand the interdiffusion of fields would have the 
detrimental effect of eventually destroying stability, there wen* 
compensating benefits which could be anticipated. As was pointed 
out by S. A. Colgate (and later analyzed in detail by M. N. Kosen 
bluth and A. N. Kaufman), the very process of interdiffusion ol 
fields should itself result in substantial heating of the plasma. Simply 
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l m. 10 2. The Bz Stabilized Pinch. The presence of an axial mag¬ 
ic field Hz within the pinched plasma discharge provides a sort of “back- 

.•” which tends to inhibit the development of kink and bulge-type insta- 

i i,i m The combination of a Hz field and external conduction walls should, 
hh|i i certain rigid conditions, permit complete stabilization of the pinch. 
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explained, as the axial magnetic field expands into the azimutli.il 
field its energy content is diminished, and the energy of the plasm.i 
should be correspondingly increased. An important consequence <»l 
this fact is that before a stabilized pinch can break up, the plasm.i 
would necessarily be heated by the intermixing process. It was in hid 
shown that if the only energy loss were by the process of brem 
strahlung, then heating by interdiffusion should be sufficient to r;u « 
the temperature of the plasma to thermonuclear values. 


Experimental verification by probe measurements 

Experimental investigation of the above matters was facilitated 
at that stage by a powerful new diagnostic technique: the use of tiny 
magnetic probes. With probes of this type it was possible to measun 
the variation of axial and magnetic fields during the pinch dischargi- 
Such measurements gave detailed insight concerning the formation 
of the plasma sheath, its contraction toward the center, the resulting 
increase in strength of the axial stabilizing field, the creation of n 
stabilized pinch (after several slight “bounces”), and then its break 
up due to the eventual development of an instability. Of even greal < i 
interest, accurate knowledge of the fields made it possible to dediin 
the temperature of the pinched plasma by means of the so-called 
“pressure-balance” method.* 

Using the probe technique, a series of experiments was under 
taken at UCRL and Los Alamos to study the behavior of the stub 


* The determination of temperature may be made as follows: the pinclml 
plasma is confined by an inward pressure equal to B$/8tt. Under stabk 
equilibrium conditions, this inward pressure is balanced by an equal and 
oppositely directed pressure made up of two components: that due to Uh 
stabilizing B z field (= B 2 z /8t ) and that due to the compressed partiek 
of the plasma (= nkT). Thus, in the case of a sharp boundary between I In 
axial and azimuthal fields at the edge of the current sheath, the follow inf- 
equation is valid at the boundary: 


Bi 

8ir 


§ + nkT > 


where the symbols have their usual significance (see Appendix VI) 
From the measured values of B e and B z and the estimated value of n, m 
determination may be made of the plasma temperature T. The nbnv 
relationship is somewhat more complicated mathematically if the bound,-u 
is diffuse. 
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«i* ■ d pinch both in straight tubes and in toroids. Work at Livermore 
1 • v S. A. Colgate, J. P. Ferguson, H. P. Furth, and others confirmed 
•uglily the predicted relationship between interdiffusion of fields and 
phiMimi heating, and indicated the production of plasma tempera- 
iim in excess of 500,000°K. Measurements of a similar nature were 
uued out at Los Alamos by L. C. Burkhardt, R. H. Lovbcrg, 
i \ Phillips, and others, using stabilized devices known as Per- 
iHipMalron S-3 and Columbus S-4. Temperatures of several million 
i« gi ees were reported from their experiments, and sizable bursts of 
•millions were detected during the time of the pinch. As of early 
1 ‘ »H, (he origin of these neutrons was not fully understood; they 
• Ppeiired, however, to be due to some sort of acceleration process 
11 hm (he plasma. 

t’nihleins associated with stabilization 

I lie above developments were, on the whole, quite encouraging, 
hI i he pinch approach basked for several months in an unaccus- 
■med glow of optimism. The optimism faded slowly, however, as a 
umber of new and serious difficulties appeared. Several of these 
r" -Meins are described below, together with possible ways of al¬ 
ia! mg them. 

I'ml firms of impurities from the walls. In the early days of the 
‘••riam, prior to the advent of stabilization, the process of pinch 
•h i hi! ion and breakup occurred so rapidly that there was no op- 
•i I unity for impurities from the walls to enter and cool the dis- 
Nuge With stabilization, however, the influx of impurities pre- 
• >!•-• I m. major problem. To minimize this difficulty, two important 
"IiIh-uI ions seemed essential: (a) increasing the bore of the dis- 
!• Hgr tube and operating with lower plasma densities; by so doing 
1 ■ intensity of heat transferred to the walls could be decreased and 
impurities volatilized from them consequently reduced, and 
! lining the inside wall of the discharge tube with a low-Z material, 
*• by minimizing the cooling effect of whatever impurities still 
i iimb-d from this source. 

1‘iithh ni of producing sharp boundaries. In the original theory of 
> nblutb, one of the conditions of pinch stabilization was that 
n br a sharp interface between the axial stabilizing field and the 
umleren! ial field. That is to say, the field direction was assumed 
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to change abruptly at the edge of the plasma. However, it was found 
experimentally that, for a variety of reasons, this assumption w.i. 
far from being satisfied. Magnetic probe measurements showed th;if 
instead of being sharp, the interface was actually quite diffuse, even 
in the early stages of the pinch. While some improvement could !>< 
achieved by careful control over the axial magnetic field during tin 
time of pinch formation (that is, by programming its magnitude and 
direction during this period), it was still not possible to achieve tin 
desired sharpness. 

Problem of achieving stabilization with diffuse boundaries. Con 
currently with the above work, theoretical studies were carried on I, 
particularly by B. R. Suydam and M. N. Rosenbluth, of the be 
havior of a pinched plasma with diffuse boundaries. Preliminary 
computations indicated that the stability conditions for the case nl 
a diffuse boundary were even more severe than for a sharp interface 
Among other conditions, it was found that, in contrast to the sharp 
boundary case, a reversed axial magnetic field external to the pinched 
plasma was now essential to stability. Moreover, the strength of tlii 
field had to fall within narrow, prescribed limits. There was also 
evidence that, quite apart from the major instability associated wit 1 1 
eventual pinch breakup, there might also be interchange instability 
on the outer surface of the plasma. As of early 1958, the significance 
of such phenomena had not been fully analyzed. 

Problem of heating to thermonuclear temperatures. One of the 
major difficulties was finding a satisfactory method of heating the 
plasma to thermonuclear temperatures. The powerful M-theory <>i 
shock heating, so useful in work on fast pinches (see page 29), w:r 
now of limited applicability. The presence of the axial stabilizing 
field slowed the inward motion of the shock and reduced its effective 
ness in plasma heating. 

The original pioneer heating process of inducing a low-gradient 
axial voltage in the discharge tube (a process discarded in the pie 
stabilization days as much too slow and inefficient) still appeared l<> 
be unsuitable for achieving temperatures higher than several million 
degrees. 

The process of heating as a result of the interdiffusion of crossed 
magnetic fields appeared to offer some promise. As already men 
tioned, calculations by M. N. Rosenbluth and A. N. Kaufman had 
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liown that if the only mechanism of energy loss were bremsst rab¬ 
id ng, then the heating provided by crossed field interdillusion 
Imtild be sufficient to raise the plasma temperature from several 
.Million degrees on up to full thermonuclear values. The problem, 
however, was to find some way of creating a well-defined pinch at 
several million degrees, and to ensure that methods of energy loss 
-llier than bremsstrahlung do not occur. 

In brief, no one method alone seemed adequate for heal ing I he 
pliinnui. It appeared that a combination of these methods, supple- 
Minded perhaps by energetic particle injection, might ultimately be 
mm( iiired to reach the desired temperatures. 

Problem of spurious energy losses. The most ominous of all dif- 
ii* allies was the recent indication that large amounts of energy were*, 
bring lost from the pinch discharge in spurious and unexpected ways. 

I here was growing evidence, from measurement of plasma conduc¬ 
tivity, that only a small fraction of the input energy was being re- 
i uned by the plasma. By far the greater portion was apparently bo¬ 
rne rapidly transferred to the walls of the discharge tube by one 
mum hanism or another—possibly as a result of runaway electrons 
• iping through the confining magnetic field. This matter will 
ui ely receive careful study in future experiments. 

’.tutus of the ^-stabilized pinch approach 

I lie combined magnitude of the above difficulties has, naturally 
■ noiigli, led to some disenchantment with the stabilized pinch ap- 
pmiieh. It is to be hoped, however, that, as in the case of other dif- 
«n ullies in the past, these may be overcome in some way. It is, in 

• m i, believed that proper conditions for stabilization in the presence 
■ i .ii diffuse boundary may well be achievable by accurately pro- 
> unming a reverse B z field during the process of pinch formation. 

I In- more immediate and difficult problem is to understand and learn 
Ii*i m to combat the rapid rate of particle loss to the walls of the dis- 

Imrge Iube. 

\\ hilc attempts were underway to solve the above difficulties, 

• lher approaches were not neglected. Active work still continued in 

• lie Insl pinch experiments, and several new methods of stabiliza- 
i Mii i (or quasi-stabilization) made their appearance. A brief de- 

11 pi ion of 11 1 is work is given below. 
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Fast pinch experiments 

Columbus II, a fast and powerful linear pinch experiment buili 
at Los Alamos under the direction of J. W. Mather, went into openi 
tion in July, 1957 (Fig. 10-3). This model was designed with tin 
goal of discharging large amounts of energy (100,000 joules) into 
the pinch tube in as short a time as possible. Great care had been 
taken to reduce the inductance of the system to a minimum, as ;i 
result of which it was possible to build up the current in the plasm:i 
to several million amperes in a microsecond or so. In addition, 
provisions had been made for “preheating” the plasma with a second 
and smaller power supply. 

Under these conditions of operation, the number of neutrons in 
creased by a factor of about 1000 over that initially achieved with 
Columbus I (i.e., to values of more than a hundred million per pulse). 

Extensive measurements were carried out in an attempt to de 
termine the mechanism of neutron production. These studies in 
dicated that, once again, the deuterons responsible for neutron pro 
duction were receiving a preferential acceleration in the axial direr 
tion by one means or another. A somewhat smaller but neverthc 
less marked “anisotropy” was found even if a small axial magnetic 
field were present within the pinched discharge, a field strong enough 
to inhibit the development of bulge-type instabilities but not enough 
to stabilize against other modes of pinch breakup (e.g., kink-typr 
instabilities). 

While there was some evidence that the neutrons were being pro 
duced by some mechanism other than the usual instability process, 
this question had not been fully resolved as of early 1958. 

Screw-dynamic pinch experiment 

At UCRL, Livermore, S. A. Colgate and H. P. Furth built a modi 
fied version of the fast (dynamic) pinch which was designed to 
extend the life of the pinched discharge prior to its breakup from 
instabilities. Known as the “screw-dynamic” pinch, its purpose \v;i 
to suppress the development of the more rapid sausage-type in 
stability, so that the somewhat slower kink-type instability would 
be the first to grow. To accomplish this goal, a straight pinch di 
charge tube was used, but with slightly helical grooves cut in tin* 
cylindrical return conductor outside the tube. In order to achieve 



discharge tube at the center, thereby providing a system with low over-all inductance. 
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high temperatures from rapid formation of the pinch, no ;i \ i 
magnetic field is superimposed prior to the discharge (as in the < i 
of stabilized pinches). At the time of discharge, however, the sudd« 
surge of current in the external helical conductor produces a sm i 1 
axial magnetic field which, as a result of ionization of the gas in il 
tube, becomes trapped near the outer surface of the plasma. As ih 
pinch forms, this field is compressed to high values. Thus, in I In 
fully formed pinch, the plasma filament is surrounded by a she:iil. 
of axial magnetic field, which tends to inhibit the growth of It 
sausage-type instability. The final breakup of the pinch, when n 
occurs, will then be due to an instability of the kink type. 

Experimentally, it was found that the pinch behaved roughly > 
expected, and that neutrons were produced at the time of kint 
formation. Because of the longer times associated with the growll» 
of the kink instability, it is hoped that in the larger models now uml« • 
construction the plasma can be brought to thermonuclear tempn i 
tures and densities before such instabilities can develop. 

Tubular pinch experiment 

Another interesting method of achieving quasi-stabilization, mi 
tiated in 1950 at UCRL, Berkeley, by W. R. Baker and O. A. Amin 
son, is the tubular or “triaxial” pinch. In this concept, shown m 
Fig. 10-4, the insulated discharge chamber lies between two nm 
centric conducting cylinders. If a voltage is impressed between I In 
top and bottom of the chamber, a current discharge is formed in I In 
annular region, the return current dividing between the inner :md 
outer conductors. The azimuthal magnetic field produced by I In 
discharge and wall currents compresses the plasma into a ooaxi.-d 
cylindrical sheet of intermediate radius. Theoretically, a pinched 
discharge of this type, consisting of a cylindrical sheet of curmii 
should be partially stable against the formation of kinks or bulge 
Indeed, experiments showed that the triaxial pinch was stable I'm 
much longer periods than a simple pinched filament. Improved 
experimental models based on this concept are presently brim 
developed. 



Insulating 

Wall 


Conducting 

Wall 


Fig. 10-4. Triaxial Pinch. Voltage impressed 
between the top and bottom of the annular dis¬ 
charge chamber produces a current in the annulus. 
Azimuthal magnetic fields produced by the dis¬ 
charge and wall currents compress the plasma into 
a coaxial cylindrical sheet. 






















































CHAPTER 11 


THE STELLARATOR PROGRAM (PART II) 

A. 1955 to Mid-1956 


Concern over stability 

At Princeton, the impact of the stability discussions in late 1951 
was immediate and far-reaching. If the views put forward at that 
time were correct, they strongly implied that the stellarator was un 
stable. The future of the program as a whole was at stake. 

The theoretical group, headed by E. A. Frieman, immediately con 
centrated its efforts on the difficult task of determining the explicit 
conditions ot stability. As discussed in Chapter 9, the results of the 
extensive analysis which was carried out were far from encouraging, 
the stellarator configuration in its existing form certainly appeared 
to be unstable in theory; moreover, the computations showed rather 
surprisingly that it should be unstable for all values of —that is to 
say, not only for high plasma pressures, but for low pressures as well 
What was still undetermined was the rate at which the interchange 
instability would develop; there was, however, reason to believe thal 
it would develop fast enough to destroy all hope of adequate confine 
ment. 

These results, later confirmed independently by others using differ 
ent mathematical treatments, made it clear that a modification of 
the program was in order. Most pressing was the question of what to 
do about the Model C stellarator project. Early in 1955, pending 
the outcome of the theoretical studies, work had continued a I 
Princeton toward specifying the characteristics of this sizable ma 
chine. Steps had been taken toward selecting a suitable industrial 
group to carry out its detailed design and possibly its construction 
Nine companies had been provided full information on a classified 
basis concerning the stellarator program and had just submitted 
their proposals for undertaking the design. A decision was needed 
as to whether or not to proceed. 

In mid-June, 1955, after a thorough re-evaluation of the stability 
question and upon the recommendation of both the Matterhorn 
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group and the Steering Committee, the decision was made by the 
Director of the Research Division to defer further work on tin* 
Model C stellarator. In the face of the forbidding theoretical predic 
lions, it was felt it would be folly to continue work on a project of 
this magnitude. Instead, effort should be concentrated on gaining 
further experience with the smaller B-type models. 

The industrial groups involved were immediately advised of this 
decision and of the reasons for it. All of them agreed to consider t heir 
bids as valid for a period of six months in the event that the work 
be resumed during this time. Although the outlook for stability 
brightened materially during this period, the detailed design of the 
Model C stellarator was not begun until two years later. 

K ruskal limit 

Meanwhile, the experimental group at Princeton, under the direr 
l ion of M. B. Gottlieb, was concentrating its effort on completing I Ik* 
Model B-2 stellarator and obtaining meaningful experimental results 
Irom t he B-l and B-64 models. The B-64* stellarator, developed by 
I II. Stix, was a new experimental model (see Fig. 11 1) composed 
• »i standard components of straight and curved metal tubing, on 
which the magnetic field coils were wound directly and which could 
be readily clamped together to provide any desired shape. It thus 
possessed great flexibility and could be assembled or modified with 
iclative ease. 

One important result obtained from both these models was the 
experimental confirmation of theoretical predictions concerning a 
pecial type of instability in the stellarator. Theoretical studies by 
M I). Kruskal had shown that if the axial current in a stellarator 
wen* to exceed a given value (which depends upon the twist of the 
1 1 gun* 8, the tube diameter, and other factors), the discharge would 
become unstable and the plasma should escape immediately to the 
walls. 

A useful, though not altogether accurate, way of visualizing the 
origin of this instability is the following. The axial current in the 
plasma will produce an azimuthal magnetic field of its own which will 

f This name developed from the fact that this particular figure-8 con- 
hj'.ii in lion, when viewed from the top, resembled a square. (8) 2 = 64; 
lienee I MM! 
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(depending upon its direction) either increase or decrease the existing 
twist of the field lines resulting from the figure-8 configuration (see 
page 34). If the net twist during one transit of the tube is increased 
to 360° or, alternatively, decreased to 0°, the magnetic lines become 
degenerate and the system would be expected to become unstable. 

In confirmation of the theory, experiments with the B-l and B-(>1 
models showed clearly that when the current resulting from the i>< 
heating pulse exceeded the so-called “Kruskal limit,” the discharge 
became violently turbulent and the plasma was rapidly lost to tin 
walls. At that time, however, the discovery of this type of inst:i 
bility caused relatively little concern, since it was believed that tin- 
heating current in the stellarator could always be kept below tin- 
Kruskal limit. 


Impurity difficulties 

During the early part of 1955, the experimental program ran into ;i 
new stumbling block: impurities in the discharge. As pointed out on 
page 10, the presence of even minute amounts of high-Z material 
can seriously increase the radiation and thus depress the temperature 
of the plasma. In the case of the B-l and B-64 stellarators, the influx 
appeared to come from the walls during the discharge itself, and ii 
effect proved to be very serious. While the electron temperatun' 
reached its predicted value of several hundred thousand degrees, tin- 
ion temperature (which should have reached roughly the same value) 
was an order of magnitude lower. Moreover, after a few hundred 
microseconds, the accumulating impurities within the discharge 
brought the electron temperature down to a fraction of its initial 
peak value. 

There were two ways of overcoming this difficulty. One was to 
develop a very clean vacuum system by “baking ” the walls of lie 
discharge tube to remove occluded gases. This process would perm i l 
the production of a much higher vacuum than that which had been 
previously obtained (10“ 6 millimeter of mercury). The second possi 
bility was to incorporate a “divertor” (see page 43) into the system, 
to prevent energetic particles of the plasma from striking the wall: 
and ejecting impurities back into the discharge. Ideally, it would hr 
advantageous to have both possibilities simultaneously (a clean 
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vacuum system working with a divertor), and intensive work beg:m 
on both aspects of the problem. 

Independent of all other developments, it was clear that the 
achievement of ultra-high vacua, already a bottleneck on the B I 
experimental program, would be of critical importance in futun 
experimental models. An intensive effort to rectify this difficulty \va 
initiated at Princeton under the direction of D. J. Grove. By adapt 
ing to large systems many of the principles developed by D. Alpcrl 
and at the same time developing some new ideas of their own, the 
group at Princeton succeeded, over a period of about a year, in 
improving the vacuum attainable in the B-l stellarator by the im 
pressive factor of about ten thousand (i.e., by mid-1956 vacua of the 
order of 10~ 10 millimeter of mercury could be readily achieved in 
large systems). 

It was decided, on the other hand, that the most rapid way <>l 
testing the effectiveness of a divertor would be to incorporate one 
into the B-64 stellarator. The flexibility of this model permitted tin* 
modification to be made rather easily and simply. The results wen- 
most gratifying. With the divertor in operation, the ion temperatim 
rose by a factor of about 10, to its proper value of several hundred 
thousand degrees. 


B. Mid-1956 to 1958 

Stabilization of the stellerator 

While the above experimental work was in progress, Spitzer li.nl 
been searching for possible ways of inhibiting the development <»! 
instabilities in the stellarator configuration. After considering and 
rejecting a number of approaches, he suggested early in 1956 that 
adequate stabilization could, in fact, be achieved by imposing addi 
tional magnetic fields upon the original confining field, in such a wav 
as to strap the lines of force together, so to speak, in the mam in 
shown in Fig. 11-2. There were a number of ways in which (In 
could be accomplished in practice. One of the simplest was to add i \ 
current-carrying conductors which would entwine the discharge 
tube, as illustrated in Fig. 11-3. The magnetic field produced !>\ 
these conductors would, in turn, provide a twist to the original field 
as is also shown in the drawing. It turns out, however, not (<> hr a 
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Fig. 11-2. Illustration of Shear Fields. 
The lines of force in one plane are twisted with re¬ 
spect to those in adjacent planes. 
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simple twist but—and this is the important point—a twist with 
“shear.” 

These shear fields may be explained in the following way. If one 
considers two lines of force lying at different distances from the center 
of the tube (e.g., those passing through points a and b as shown in 
Tig. 11—3b), it is found that they do not rotate together as they 
traverse the tube. At some distance farther along the tube, point a 
will have rotated to position a', while point b will have rotated through 
some larger angle to point b'. Thus the outer lines of force overlie the 
inner ones and tend, in effect, to strap them down. 

Following Spitzer’s suggestion, the theoretical group at Princeton 
made a detailed study of the effect of shear fields upon stability. 
Their study showed that fields of this nature should theoretically be 
capable of preventing the growth of any instability, provided the 
value of p is not too high. Here then was a possible answer to the 
stability problem for the stellarator. While the maximum permissible 
value of p was not as large as desired,* it was nevertheless sufficiently 
high for the stellarator to be of practical interest. 

Toroidal configuration; “Etude” 

But the set of helical windings did more than resolve the prob 
lem of stability. It provided another very important function: ;i 
rotational transform to the confining field. As a result, it was no 
longer necessary to use a complicated figure-8 configuration. The 
addition of the helical windings made it possible to use a discharge 
tube having the much simpler shape of a toroid. 

With a solution in hand for the instability difficulty (a solution 
which simultaneously provided a major simplification of the stellar;i 
tor configuration) the outlook for this approach brightened con 
siderably. Two models of a small experimental device, called Etude, 
were designed by T. Coor to compare the relative effectiveness of the 
two systems (figure-8 versus a torus with helical windings) and 1<> 
study the behavior of plasmas in such systems. Since they employed 
a steady magnetic confining field, it was expected that these model, 
would also be useful tools in basic plasma research. 

*The maximum permissible value of P depends upon the magnitude <>l 
shear of the magnetic field. For the system shown in Fig. 11-3, the vnlin* 
of p is limited to about 20 percent. Above tins value, theory predicts the 
system to be unstable. 
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Fig. 11-3. Stabilizing Windings on the 
Stellarator. Part (a) shows a section of the stel¬ 
larator tube, with the six helical stabilizing wind¬ 
ings just outside the tube. The combination of 
their field and that of the usual confining coils gives 
a twist to the lines of force as they pass about the 
tube, (b) Cross section of the tube, showing the 
position of two illustrative lines of force passing- 
through points a and b. The relative positions of 
these same two lines farther along the tube is 
shown in (c). The line of force farther from the 
tube center has rotated through a larger angle than 
that which is closer. 
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Experimental difficulties 

The situation, however, was still far from optimistic. Except I'm 
the above theoretical results on stability, progress in the stellaratoi 
program was somewhat slow and at times discouraging. A succession 
of developments occurred which required the modification of exist ini' 
experimental models or the construction of new and improve* I 
versions. 

The Model B-2 stellarator—designed to achieve plasma tempo m 
tures of several million degrees by several successive methods <>! 
heating (radiofrequency voltage, followed by a dc voltage puls* 
followed by magnetic pumping)— had never really operated succos 
fully. The difficulty: impurities. Having been installed prior to I In 
improvement in vacuum technology, the walls of the tube emitted > 
flood of impurities during the discharge which cooled the plasm.i 
faster by radiation than it could be heated by the relatively slow 
process of magnetic pumping. 

Because of these and other difficulties, it was finally decided l *» 
construct an improved version, Model B-3 (Fig. 11-4), capable o! 
incorporating all the major improvements developed during the pa: i 
several years: ultra-high vacuum system, divertor, improved heat inr 
techniques, and helical stabilizing windings. This device, design* * I 
by a group under R. G. Mills, started operation early in 1958, with 
magnetic fields up to 40,000 gauss. 

Cyclotron-resonance heating 

In the meantime, T. H. Stix proposed in 1957 a modified version **l 
magnetic pumping which gave promise of heating the plasma ion 
much more rapidly and efficiently than before. This method, cal In! 
“cyclotron-resonance heating,” involved alternately compressing 
and expanding the plasma in a special way at a frequency close to I h* 
so-called cyclotron frequency* of the ions. Heating of the plasm.i 
at the cyclotron frequency had been suggested several times pr< 

* That is, the natural frequency of rotation of the ions in a magneto 
field. It is given by 

f c — Be/27rM, 

where B is the magnetic field strength in which the ions find themscl\< 
and e and M arc their charge and mass respectively. 
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Fig. 11-4. The B-3 Stellarator. showing the characteristic figure-8 configuration. This model 
also possesses helical stabilizing windings which may provide additional rotational transform. 





































116 


PROJECT SHERWOOD 


viously but was rejected because of charge separation difficult i« 
In the scheme proposed by Stix, this difficulty is overcome by in 
corporating two heating units side by side along the stellarator tul 
and operating them in opposite phase. Extensive theoretical an;il\ 
sis indicated that for a small-diameter plasma at low 0 this technn|n> 
should heat the gas much more rapidly than that of magnetic pump 
ing. To test out this idea as rapidly as possible, the B-64 stellanilm 
was modified (to B-65), the necessary equipment was installed, ami 
successful application of this heating technique at very low pow* • 
levels was carried out early in 1958. 

Indication of instabilities 

Perhaps the blackest cloud on the horizon at this time result <d 
from some of the experiments carried out with the model B-l stellam 
tor. Early in 1956 this model had been rebuilt with an improve I 
vacuum system in order to minimize the impurity difficulty; sinn 
then it had continually proven to be one of the most useful ami 
reliable devices for studying plasma behavior. But now experiment 
with this model indicated that the plasma was misbehaving durinr 
the heating process. Specifically, the confinement of the plasma \\n 
poor during this period and there was evidence that numerous parh 
cles were being lost to the walls, perhaps through some new soi l «»i 
instability of electrostatic origin. 

As pointed out on page 107, violent instabilities might be expeclnl 
in the stellarator for sufficiently large currents within the plasm » 
that is, for currents above the so-called “Kruskal limit.” In I In- 
present experiments, however, the currents during the heulmr 
process were kept well below this limit, and still the system appears I 
to be somewhat unstable. The exact origin of this difficulty was tmi 
understood even early in 1958. There was, however, reason to belie \. 
that “runaway” electrons, produced by the unidirectional vollnp 
pulse, might be responsible. Steps were accordingly taken to modi! 
the heating process so that the number of runaway electrons would 
be minimized. 

Reinitiation of work on the Model C stellarator 

In spite of many remaining difficulties, the over-all outlook for i! 
stellarator approach appeared, by 1957, to have improved marked!*. 



a full-scale device and to study the properties of high-temperature plasmas. 
(The confining field coils and stabilizing windings actually go around 
the entire tube. Some were omitted in the drawing to show detail.) 
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over the preceding two-year period. The problem of interchanp 
instability, which had been responsible for the cancellation of (In 
Model C effort in 1955, had been resolved, in theory at least, by I In 
development of shear fields. There was even reason to believe 11 mi 
the shear fields would inhibit the growth of the newly discovered 
electrostatic-type instabilities. As an important by-product of I In 
stability work, the stellarator configuration had been simplified from 
a figure-8 shape to a torus. The impurity difficulties had been largely 
overcome by means of divertors and improved vacuum technique 
A more powerful method of heating (cyclotron resonance) had bem 
developed, replacing the slower method of magnetic pumping. 

On the whole, the progress that had been made appeared to jusl i I \ 
reinitiating work on the design and construction of a modified Mod* I 
C stellarator. This model had, from the outset, been planned a > 
large but flexible research tool, capable not only of testing more m 
less to scale many of the features of a full-size stellarator, but (even 
more important) of producing high-temperature plasmas and studs 
ing their properties in detail. A sketch of the modified version of I li< 
Model C stellarator is shown in Fig. 11-5, and its characteristics m* 
given in the stellarator chart at the back of the book. Designed In 
yield plasma temperatures of about one hundred million degrees ;m*l 
(with later modifications) 0-values of several percent, this mod* I 
seemed an appropriate and essential extension of the work which h.id 
been accomplished up to that time. 

Following Commission consideration and authorization of Hi* 
project, proposals were solicited again from the same comp;mi< 
that had responded before. On the basis of these proposals, a con 
tract for the detailed design and construction of the Model C stellam 
tor was awarded to a combined group from Allis-Chalmers and Radi** 
Corporation of America (RCA). A section of land not far from I In 
existing Matterhorn buildings was provided by Princeton Univer.il \ 
as a site for the laboratories required. Upon completion of all lli* 
various administrative arrangements, work began in earnest in I In 
fall of 1957 on this large and complex experimental model. Its op* i .* 
tion, presently scheduled for late 1960, should yield important inloi 
mation on the behavior of high-temperature plasma—informal i*m 
which will hopefully carry the Sherwood program a major i« p 
forward toward its goal. 


CHAPTER 12 


THE MAGNETIC MIRROR PROGRAM (PART II) 

A. From 1955 to Mid-1956 

Impact of the 1954 conference 

\s pointed out in pages 85-86, the results of the 1954 conference 
,im1 the subsequent theoretical confirmation of the views on insla 
lull(y expressed there) seemed to deal a severe blow to the mag- 
iit*iir mirror approach. The region between the mirrors, where the 
lines of magnetic force are concave toward the plasma, appeared 
unquestionably to be unstable. Evidence was strong that, the lines 
u( force would tend to snap inward, interchanging position with the 
nut ward pressing particles of the plasma and thereby permitting the 
pin mu to escape to the walls of the discharge chamber. ()n the basis 
..I ihese theoretical considerations, the outlook was rather dis- 
. mi aging. There were, in fact, many who felt that there was little 
pi lilieation for continuing work on this approach. 

i >i i t he other hand, examination of available experimental data 
I mwed that the picture was perhaps not so bleak as it initially 
, rined. A model known as Q-cumber, built during 1954, with a high 
minor ratio to provide information on the rate of diffusion of ions 
mss a magnetic field, had just come into operation. Although the 
I iin available at that time were admittedly scanty, there seemed to 
Ino evidence whatsoever that plasma particles were escaping to the 
ills at an abnormally rapid rate, as would be expected if the con- 
lifMiration were unstable. 

I iperimental work on the stability question 

I'he attention of the Livermore group was immediately concen- 
hiitni on acquiring further information on this question, using exist- 
mif experimental models. Interest that had earlier been devoted to 
h htrying high plasma temperatures was now redirected toward 
111 dung careful measurements of the confinement time of a plasma in 
minor geometry. While many months were consumed in acquiring 
• I., experimental data, the final results were encouraging. 
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Specifically, the results with the Toy Top and Table Top mod* I 
demonstrated that the plasma was being confined by the magnet n 
field configuration for many milliseconds—periods several hundred 
times longer than would be expected in the presence of instability 
In addition, an extensive set of measurements carried out with tin 
Q-cumber device confirmed the earlier results and showed positively 
that the rate of loss of the plasma was roughly consistent with tin- 
normal rate of diffusion through collisions, rather than with the much 
more rapid rate that would have been associated with instability 
growth. 

It was of course recognized that in all these experiments flu- 
ratio of plasma pressure to magnetic pressure was very low; in each 
case, the value of 0 was 1 percent or less. It was thus of great in 
terest to obtain similar data for higher (3- values. Being defined ;i 
nkT/(B 2 /8ir), 0 could be increased either by increasing the tempem 
ture and density of the plasma, or by decreasing the value of tin 
magnetic field in the region of interest. Since the lack of a suitable 
ion source precluded the first possibility, a modified Q-cumber r\ 
periment was built, having very weak magnetic fields in the central 
region, which would permit an increase in the value of (3 to about 
5 percent. The rate of plasma loss was again measured, and again 
there was no evidence of instabilities. 

These important results, while highly encouraging, were al <> 
puzzling from a theoretical point of view. A number of qualitative 
explanations were advanced in an attempt to understand the ap 
parent discrepancy between theory and experiment. It was pointed 
out, for example, that the magnetic configuration which had been so 
carefully analyzed was, at best, only an approximation to the mon 
complex shape of magnetic field lines within the mirror machine. A 
matter of perhaps even greater importance was that in actual opera 
tion the two ends of the mirror machine are closed with metal plat** 
through which the magnetic lines pass. It was believed that the « 
metal plates might well be instrumental in stabilizing the magneli* 
configuration, either by “tying down” the lines of force passing 
through them and inhibiting their motion with respect to one an 
other or by providing a means of short circuiting any voltage buildup 
within the chamber, thereby destroying the mechanism of instabilit \ 
growth. 
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lun source work 

In any case, the encouraging experimental results, coupled willi 
iln* above tentative explanations, temporarily allayed further con 
HTii over instabilities in the mirror machine, and attention was 
lurued once more to the problem of increasing the temperature and 
density of the plasma. 

A great deal of work had been carried out, in the interim, on the 
development of suitable injectors for the mirror program. The con 
i muons ion source which had been developed at Oak Ridge for use 
mI Livermore had been completed and delivered. By this lime, 
however, detailed computations carried out by the theoretical group 
al Livermore had shown that the angle of acceptance of ions injected 
into a mirror machine was appreciably smaller than had been 
originally believed. As a result, it was found that this rather largo 
ion source would likely be far less satisfactory than had been hoped. 

In compensation, however, developmental work with the small 
Iitanium-type pulsed sources had been rather encouraging. By 
adapting some of the basic principles of the Oak Ridge injector to the 
mail pulsed source, K. Ehlers had succeeded in increasing the energy 
*.l emitted ions to about 5 kilovolts, even in the presence of non- 
homogeneous and time-varying magnetic fields. The operation ol 
l lirse sources clearly required a discharge chamber several feet in 
diameter, so that the energetic ions, when injected at low magnetic 
Ihdd strength, would not strike its walls. Even the chamber of Table 
l op was too small. As a result, work began on the design and con- 
i met ion of a larger model known as Felix. (See page 126.) 

B. Mid-1956 to Early 1958 

I p to this time, essentially all the work involving mirror confine¬ 
ment. of a plasma had been carried out at UCRL, Livermore. This 
magnetic mirror program (or “Pyrotron” program as it now was 
idled) had been directed almost entirely toward the problem of in- 
j** ling and trapping ions of low to moderate energy into a rising 
magnetic field, and heating them to thermonuclear temperature by 
iln* process of adiabatic compression. 

I hiring the period 1956-58, however, different but related projects 
involving magnetic mirror confinement were begun at other labora- 
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tories. In this section, we shall first discuss the continuation of (In 
Pyrotron program at UCRL, Livermore, and then the related worl 
on “rotating plasmas,” which was carried out at a number of diffen ni 
laboratories. 

Pyrotron Program 

Experiments with Table Top II 

By mid-1956, the technique of producing a highly ionized and ivl.i 
lively pure burst of low-temperature plasma* within the Table Tn|* 
chamber was much improved over earlier work. An extensive seri* 
of measurements was undertaken by F. C. Ford to determine the <l< 
gree of compression and heating that could be achieved in an im 
proved one-stage machine, called Table Top II. Plasma was inject nI 
when the field in the central region was very low, and the field \\;i 
then pulsed to its full strength of 50,000 gauss. It was observed < Ini 
x-rays were emitted over periods of many milliseconds, giving cvi 
dence that at least a portion of the plasma had been strongly hen t «•« I 
and was being confined in a stable manner for periods of this length 

These x-rays were found to originate from energetic electrons Mm I 
had slowly escaped through the magnetic mirrors and had follow<•<I 
along the lines of flux to vacuum chamber walls outside the mirror 
Thus, by measuring the x-ray intensity at various positions alone 
the chamber walls, it was possible to “map” the origin of the elect ron 
back into the discharge chamber and determine the density distrihu 
tion of the compressed plasma. Measurements made in this way (ami 
also with probes) showed that the hot plasma was in the form oi . 
thin spindle in the center of the chamber. From the energy distribu 
tion of the electrons, their temperature was deduced to be v<t\ 
high—tens of millions of degrees. This encouraging result was deli nit« 
evidence that the heating processes were sufficient to overcome r:n 1 1:1 
tion losses, even when appreciable impurities were known to l>< 
present. 

Three-stage Toy Top (Fig. 12-1) 

Meanwhile, F. H. Coensgen, in an effort to obtain still grcah i 
compression and heating of the plasma than had been possible in T<>\ 

* In the Table Top and Toy Top experiments, the energy of inj< < i. 
ions was only about 5 cv. 
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Fig. 12-1. Three-Stage Toy Top. Plasma is injected into the chamber at the right, 
then compressed and transferred successively to the chambers in the center and at the left. 
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Fig. 12-2. Three-Stage Toy Top Model, (a) 
Plasma is injected into the large chamber from ion 
sources at the right, (b) Partial compression of the 
plasma occurs when other coils around the chamber 
are energized, and the plasma is transferred to the 
second section, (c) Additional coils around this 
section are now energized, compressing and heat¬ 
ing the plasma still further and transferring it into 
the third section, (d) Final compression occurs 
when the coils of the third chamber are energized. 
By this sequence, it is possible to produce a high- 
temperature plasma of rather high density. Mag¬ 
netic mirrors inhibit the loss of plasma out the tube 
ends. 
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this device, the application of radial electric and transverse magnet i< 
fields, in the manner shown in Fig. 12-3, causes the plasma particle 
to precess rapidly about the central axis. There is a momentary surge 
of current when the radial voltage is first applied; it stops flowing 
however, as the plasma acquires rotational energy. The effect of tin 
rotation is to bow the lines of the magnetic field in the manner shown, 
thereby creating a sort of magnetic trough which inhibits the escape 
of the plasma particles to the side walls. Said another way, the ecu 
trifugal force associated with plasma rotation tends to keep the pari i 
cles away from the axis and to trap them in the region of bulging 
magnetic field. 

Experiments with Homopolar gave positive evidence of plasma 
rotation and demonstrated that the plasma could be confined in tin 
manner for surprisingly long periods of time (80 microseconds <>i 
more). It was clear that if adequate methods of plasma heating could 
be found the rotating plasma concept might even have potential i I ie 
as a thermonuclear device. One possible method of heating miglil 
arise from the conversion (through viscosity effects, say) of kinetic 
energy stored in plasma rotation to random thermal energy. Wor k 
was begun on larger experimental models to explore this possibilit y 
in greater detail. 

Other developments; Ixion 

In the meantime, several other groups undertook experiment 
using crossed electric and magnetic fields. Early in 1957, J. D. Gow, 
working independently at Berkeley, built a device having a con 
figuration not unlike the early Oak Ridge work (pages 67-98) 
High electric voltages were applied, and the resultant neutron pm 
duction was studied. 

Stimulated in part by the work of Gow, a group at Los Alamos un 
der the direction of K. Boyer built an experimental model known n 
Ixion (Fig. 12-4) which combined various features of rotating 
plasmas, magnetic mirror, and plasma arcs for applying elect n< 
potentials. In this device, a central plasma electrode is created by 
injecting a pulse of ionized deuterium gas along the axis from the lei I 
into the discharge chamber. A transverse electric field is then 
applied between the plasma electrode and an outer cylinder. The 
presence of an axial magnetic field (having a mirror configuration) 
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Fig. 12-3. Homopolar Device. In addition to 
the axial magnetic field, an electric field is applied 
between the inner and outer radii, or the pancake¬ 
shaped annular chamber. The combination of 
fields causes the plasma as a whole to rotate. Its 
centrifugal force bows the magnetic lines of force 
and the plasma is thereby confined in a sort of 
magnetic trough. 
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then causes plasma ions to precess about the axis. In order to provide 
rotation of the plasma as a whole, special provisions were made i 
ensure that the high transverse voltage was distributed uniforml.i 
across the plasma, rather than as a sheath near one of the electrode 

Theoretical studies carried out independently at Los Alamos and 
Livermore had confirmed that if a plasma were made to rol.ih 
sufficiently rapidly in a magnetic mirror field, the centrifugal for.. 
associated with such rotation would enhance the effect of the min m 
and the loss of particles through them should thereby be greatly n 
duced. It was found that, to be effective, the energy of rotation <>i 
the plasma particles should be large compared with their thermal 
energy. 

Experimental work with Ixion gave preliminary evidence of plasma 
rotation and of enhanced plasma confinement. As a result of the high 
applied electric voltages, neutrons were expected and observed. How 
e\ei, the temperatures of the plasma as a whole appeared to be sup 
pressed by the presence of a serious influx of impurities, apparentl\ 
emanating from the walls of the discharge chamber. 

There was nevertheless hope that if this difficulty could be ovn 
come the rotating plasma concept might be an effective method «.l 
enhancing the confinement of a hot plasma. 
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creating an energetic plasma rotating about the axb. I: sufficiently ra:M 
the rotation should enhance the effect of the magnet! mirr vs. 






















CHAPTER 13 


THE MOLECULAR ION IGNITION PROGRAM 

In addition to carrying out the projects discussed in Chapter fi 
the Sherwood group* at the Oak Ridge National Laboratory had 
been seeking for some time a new approach to the Sherwood field 
A number of concepts had been studied in some detail, but none up 
peared sufficiently firm theoretically to warrant a strong experimenl d 
program. 

High-energy injection 

One of the ideas which appealed strongly to the Oak Ridge group 
however, was to approach thermonuclear conditions from the high 
energy, rather than the low-energy, side. Instead of starting, as m 
the other projects, with a rather large assembly of “cold” (or even 
“lukewarm”) particles and attempting to raise their temperature's »■ 
a group to thermonuclear values, the interest at Oak Ridge was in 
many respects just the opposite. Their plan was to start with a be;im 
of particles having energies already in excess of that needed fin 
thermonuclear reactions and, by injecting and trapping them in n 
confined region, build up their densities to values of thermonuelnii 
interest. In this way they hoped to “ignite” the plasma and produce n 
self-sustaining thermonuclear reaction. 

The concept of high-energy injection had already been considered 
several times in the past, but no satisfactory method had been 
found for accomplishing this goal. The major problem was how h» 
trap high-energy particles in the strong, steady magnetic fields r» 
quired for their confinement. It is an axiom of physics that ;m\ 
particle injected into a static magnetic field configuration will not 
be trapped, but will eventually come back out unless its orbil i 
somehow changed while it is within the field. 


* This group, recruited by E. D. Shipley, consisted in the main <*i 
several Oak Ridge consultants— A. E. Ruark, E. Crcutz, L. P. Smith, h, 
H. Snyder—together with a few of the full-time laboratory staff. 
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Molecular ion dissociation 

One possible solution to this difficulty, proposed independently in 
1955 by J. S. Luce at ORNL and H. F. York at UCRL, was to inject 
<• beam of high-energy molecular ions transversely into a strong and 
leady magnetic field and attempt to dissociate (break up) sueb par 
Ih Ics before they came back out. The dissociation of a molecular ion 
*\oiild produce an atomic deuterium ion and a neutral deuterium 
*»l oni (or possibly two atomic deuterium ions and an electron), 
vmbolically, these reactions may be written 

D 2 + -> D+ + D°, 

D 2 + -> 2D + + e~ 

'mee the mass of an atomic ion is only half that of a molecular ion, 
ibi radius of curvature would be only half as large, and if could there¬ 
fore be effectively trapped in the magnetic field. Figure 13 I shows 
dm grammatically the paths these particles would follow if the mole- 

• iliar ions were to be dissociated at point a. 

The problem was to find a suitable mechanism of breakup. At. 
hi t it was thought that it might be possible, simply by collisions be- 
i \w*en the molecular beam and the residual gas atoms in the vacuum 
■ Iminber, to build up a circulating ion beam of increasing density, 
hu h in turn would lead to further dissociation of the molecular 
i'•■uni. Calculations showed, however, that this mechanism was far 
i mm adequate; a much more efficient method of initial breakup was 
HM|uired. 

During the ensuing months, J. S. Luce, A. E. Ruark, and others 
■iuilied a number of different methods of dissociation. One pos- 
•tbilily, Miggested by Luce, was to use an arc discharge of one type or 
•mother for this purpose. As a result of his experimentations, a 
•••hilly new type of carbon arc was discovered, more or less fortui- 
'•»ii!‘ly, in the early part of 1956. Subsequent measurements showed 

• h 1 1 this arc had an unexpectedly high efficiency for dissociating a 
1 ' Min of molecular ions. 

I li re, then, were the makings of a promising approach to the pro- 

• 1 1 n tinn of controlled thermonuclear reactions. A high-energy beam 
i molecular deuterium ions would be injected into an appropriate 
'"fining field, for example a magnetic mirror configuration. In 
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passing through a carbon arc established within the field, it would I 
dissociated in large part into atomic deuterium ions which would I In 
be effectively trapped between the mirrors. As the trapped ions I mil• 
up in density, their motion, highly ordered at first, would rapid I 
become randomized as a result of several processes, e.g., precession 
in the magnetic field and interactions among the particles themselw 
In this way it should be possible, in principle, to form a high-tempn . 
ture, high-density plasma of practical thermonuclear interest . 


Particle losses; burnout 

It was clear, however, that the initial buildup of ion density im>-t 
not be easy. For this to occur, the rate of loss of hot ions from il> 
confined region would have to be less than the rate of addition of nr 
ones. The rate of input of new trapped ions would depend on I Im 
intensity of the molecular ion beam and on the breakup efficiency ni 
the arc. The rate of loss of hot ions, on the other hand, would d< 
pend on a number of factors, among them the adequacy of the m:ir 
netic confinement and, above all, the probability of charge exchnnr 
between the energetic ions and any neutral gas particles that iniglH 
exist within the chamber. 

To prevent charge exchange losses from dominating the proces c 
would be necessary to keep the neutral gas density to a very l«» 
value. Theoretical studies by A. Simon and others showed th:i! c 
should be possible to reduce this density drastically by a pm* , 
known as “burnout.” If the injected beam intensity could be 
high enough and the background pressure low enough (by exton: n . 
vacuum pumping), a critical point should be reached at which IF 
trapped ion beam would ionize the neutrals as rapidly as they culm I 
the plasma region. Beyond this point, a snowballing process would 
occur: the neutral density would decrease, permitting an incre:t: < .. 
ion density, which in turn would lead to still further decrease ..i 
neutrals. Thus the achievement of burnout would result in mpid 
buildup in ion density. The hot ions, now persisting much longci > 
the system, would then degrade somewhat in energy as a rcsull ••• 
energy transfer to colder electrons and ions which may be pre rm 
Concurrently, their motion would randomize, and a high-lempn 
ture, high-density plasma would be formed. 
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Fig. 13-1. Molecular Ion Breakup. A high- 
energy molecular deuterium ion beam injected per¬ 
pendicularly into a static magnetic field will follow 
a curved path, as shown. If at some point a the 
molecular ions are made to dissociate, the resulting 
atomic ions will follow a curved path having half 
the radius of curvature of the original path and 
may then be trapped in the magnetic field. The 
neutral atoms will, of course, escape. 
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Fig. 13-2. The DCX Device. Molecular ions 
from the accelerator in the upper left are injected 
into the discharge chamber below, where they are 
dissociated and trapped in a mirror field. At upper 
right is the high-voltage generator for the acceler¬ 
ator. 


The DCX experiment 

As a first step toward the above goal, work on an experiment:iI 
model known as DCX was begun in the fall of 1956, under the din < 
tion of E. D. Shipley and P. P. Bell. An intense carbon arc \\:i 
established near the axis of a magnetic mirror configuration, > 
shown in Fig. 13-3. A beam of molecular ions, having energies <>! 
600 kev,* was injected transverse to the steady-state field and pa. » d 


♦Since the probability of charge exchange decreases with energy, il i 
desirable to use as high an energy of injected beam as practical, consistn,i 
with other requirements (such as high intensity beam, high breakup < 1 
ficiencies, reasonable magnetic field strengths, and adequate final pin n. 
temperature). With this injected energy, calculations showed that H 
final plasma temperature should be in the neighborhood of a billion degi* 


THE MOLECULAR IOX IGNITION PROGRAM 


\‘M 


Molecular 
Ion Beam 



Fig. 13-3. The DCX Experiment. In this de¬ 
vice, a carbon arc discharge is used to cause a high- 
energy molecular ion beam to dissociate. The re¬ 
sulting deuterons are then trapped in the magnetic 
mirror configuration. 
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through the arc, thereby becoming partially dissociated. The 300 
kev atomic deuterium ions resulting from this breakup were then 
trapped and confined between the mirrors. 

The purpose of this first experiment was simply to determine tin 
degree of trapping of the beam and the possibility of achieving burn 
out, with a consequent buildup of plasma density. The results <>l 
preliminary experiments were unquestionably encouraging. Breakup 
efficiencies as high as 40% were achieved, and the dissociated ion: 
were observed to circulate for many milliseconds, on the average, 
prior to escape. As of early 1958, burnout had not yet been achieved, 
but calculations indicated that only relatively small improvement 
in operating conditions should be required to reach this immediate 
goal. 

Future plans 

While the outlook for attaining burnout (and thereby producing :i 
plasma of thermonuclear temperature in DCX) appeared promising, 
it was recognized that the sttength of its steady confining field (about 
10,000 gauss) would not be sufficient to retain the charged reaction 
products of thermonuclear burning, and that DCX would therefore 
be incapable of supporting a self-sustained reaction. Thus, even while 
DCX was being assembled, preliminary design work was begun on :i 
larger and improved model known as ORION. In this model it \v:i 
planned that after burnout had been achieved and an appreciable 
plasma density built up, the arc and molecular ion beam would In- 
turned off. The magnetic field would then be abruptly increased to :i 
value sufficiently strong to confine the reaction products. It wa 
hoped that from then on it would be possible for thermonuclc:u 
temperatures to be sustained, even if the system were fed with much 
lower-energy fuel. 


CHAPTER 14 


THE CUSPED GEOMETRY PROGRAM 

Picket-fence and cusped geometry 

One of the conclusions which developed as an aftermath of the 
Princeton conference in 1954 was that magnetic configurations with 
lines of force curving away from the plasma should be inherently 
table, whereas those curving tow 7 ard the plasma should tend to be 
unstable. There was, at that time, growing concern in the minds of 
many people as to whether adequate stability could be achieved with 
<tnif of the approaches then under development. As a result , con 
•idurable thought was given to entirely new magnetic configurations, 
inch as Picket Fence, in which the lines of magnetic force curve 
everywhere away from the plasma, and which thus offered hope of 
l ability. 

Various modifications of this idea were explored at Los Alamos 
mid New York University. In particular, a careful study was made 
ol a magnetic configuration similar to that shown in cross section in 
l ig. 14-1 (a). Such a configuration could be produced, for example, 
by two coils in which the current would be in opposite directions so 

I hat their magnetic fields would oppose each other. (If the current 
m the two coils were in the same direction, the magnetic fields would 
imrmble the mirror configuration.) Computations indicated that 
m system of this type would very likely be stable; the big question, 
however, was whether the particles would be adequately confined, or 
vn hr ti er they might leak out rapidly by squeezing between the lines 
nl I he magnetic field in plane A-A (Fig. 14-lb). As discussed earlier, 
i hcorel ieal work at Los Alamos indicated that in a Zow-density plasma 
i hr individual particles would leak out at an intolerably fast rate. 

The NYU group, however, studied a somewhat different situa- 
i ion, which proved to be more promising. Under the leadership of 

II < bad, a theoretical analysis was made during 1955 of the modified 
version shown in Fig. 14-1 (c), in which a plasma of high density (or, 
m<>rr exactly, of high (3) is confined in a finite domain having cusps. 
I ni such a plasma, there is a sharp boundary between the plasma and 
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the magnetic field. Rather surprisingly, calculations showed that I In 
rate of particle leakage for a cusped geometry of this type was nun I. 
lower than for the Los Alamos case. In fact, it was found that tin 
plasma confinement at thermonuclear temperatures, while not :i 
good as desired, might still be adequate to make this configuration ol 
practical interest. 

Here, then, was a possible approach offering the two import .-mi 
features of inherent stability and adequate confinement. 

Problems encountered 

Offsetting these advantages, however, were several new and serion 
problems to be faced. How, for example, is it possible to crealr 
initially a configuration of this type, with sharp boundaries between 
plasma and field? Is it not essential to begin with a low-densily 
plasma and then raise it up to high values? If so, is not the leakage 
intolerably great during the transition period until the boundary i 
formed? Even assuming that by rapid injection and heating it r 
possible to establish a sharp boundary with a high-/5 plasma in I In- 
center, will this boundary not tend to become diffuse in time, villi 
consequent increase in leakage rate? 

These were the kinds of difficult questions to which answers (m 
at least informed guesses) were required before an experiment:il 
effort could justifiably be initiated. 

Over the ensuing months, a careful study was made of the: < 
matters by J. Berkowitz, K. 0. Friedricks, H. Goertzel, H. Grad, 
and others, not only for the above configuration, but for numerou 
other cusped geometries as well. The rate of particle loss as a fine 
tion of temperature was analyzed, and several ways were found foi 
reducing such losses at thermonuclear temperatures. The stability 
of such systems was proved mathematically (on the assumption o! 
sharp boundary between plasma and field). The problem of producing 
a sharp initial boundary was, in turn, largely resolved by subsequent 
developments in shock techniques (see Chapter 15). Leaving asi< li¬ 
the complex problem of whether such boundaries, once established, 
could subsequently be maintained, the over-all outlook for tin 
approach appeared to be quite promising. Studies were even carried 
out on the size and characteristics of a power-producing thermo 
nuclear reactor based on the cusped geometry concept. 
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Fig. 14-1. Picket-Fence and Cusped Ge¬ 
ometry. (a) In Picket Fence, the low-density 
plasma escapes rapidly out between the lines of 
magnetic force in plane A-A, shown in (b). In the 
case of a high-density plasma, however, the ge¬ 
ometry becomes sharply cusped (c), with a sharp 
boundary between the plasma and magnetic field. 
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In the interim, however, encouraging progress had been ma<l« 
toward stabilizing many of the existing experimental projects. 0<>n 
sequently, there seemed to be little justification for continuing furtlm 
studies with the cusped geometry. For the most part, work on (In 
approach was dropped during 1956, and the NYU group conccn 
trated its attention on a variety of other theoretical problems <>l 
interest to the Sherwood effort. 


CHAPTER 15 


SHOCK-WAVE EXPERIMENTS 

Largely because of the difficulties of plasma heating experienced 
mi many of the programs, a number of sites became increasingly in- 
irrested in the possibility of heating by shocks. The basic principle 
••I hock-heating a plasma is to apply a large pressure in a time short 

• • mi pared with the time required for sound to t raverse it. Under 
ihr r conditions, much of the shock energy results in immediate and 
m irvcrsible heating of the plasma. 

\ brief description is given below of the more important efforts 
made during 1955 to 1958 to shock-heat a plasma to high tem- 
|m iatures. 

Wink at NRL 

In (he spring of 1955, a group at the Naval Research Laboratory 
mi W ashington approached the Division of Research and expressed 
ml crest in participating actively in the Sherwood program. In order 
•IimI they might gain experience as quickly as possible, it was decided 
ih 1 1 several members of the group should work at one or another of 

• In- Sherwood sites for a period of at least four months and then 
drirrmine which aspects of the work they wished to undertake, 
i nllowing this period of indoctrination, the NRL group decided to 

• 'iiduct a fundamental investigation of the properties of high- 
i' m pc rat ure plasmas, and proposed the use of shock tubes for the 
iModiieticu of such plasmas. This proposal was approved, and a 
i"Milly financed AEC-NRL program was initiated under the tech- 
n iiI direction of W. Faust. 

I nl iI the advent of the Sherwood program, probably the highest 
i • Lnnil ory temperatures had been produced by shock tubes of one 
1 \ l»r or another. Values up to 30,000°K had been achieved in some 
q»rriments, using more-or-less standard shock-tube techniques. 

I lie temperatures were clearly far too low to be of interest in the 
In i wood field. However, as a result of a simple but ingenious modi- 

I I ion proposed by A. (•. Kolb, it was found possible to increase the 
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plasma temperature substantially. The equipment used in this \\m I 
consisted simply of a standard T-shaped shock tube, similar to tlni 
shown in Fig. 15-1. A sudden electric discharge (produced betwn-i 
the electrodes in the upper arm of the T) would result in the rape 
heating and expansion of the gas in that region, thereby forming 
shock wave which would travel rapidly down the vertical section 
shock-heating the gas as it went. 

The innovation incorporated into the apparatus at NRL was l< 
superimpose a strong pulsed magnetic field upon the initial discharp 
in such a way that the plasma of the discharge was acceleratel 
rapidly down the tube. The magnetic field required for this purpo < 
was attained very simply and expeditiously by bringing one of tin 
electrode leads close to the wall of the discharge tube, as shown m 
Fig. 15-1. This procedure made it possible to greatly increase tin 
velocity of the shock front. It was, in fact, found that in t en * 
shocks of this type could produce temperatures of the order <»i 
500,000°K and higher in the gas through which they passed. Still 
higher temperatures were achieved by the simple expedient of iisinr 
an H-shaped tube and firing two shocks against each other. In (In 
way, the ordered motion of each shock along the tube was brought 
to an abrupt halt upon their collision, and the kinetic energy <» 
ciated with this motion went into increasing the thermal energy <>i 
the plasma. 

The early work of the NRL group was concentrated largely on (hr 
problem of increasing plasma temperatures as much as possiblr l>\ 
these shock techniques and of developing suitable diagnostic method 
for determining the actual values obtained. No attempt was made I« 
confine the hot plasma ions once they were produced. As a result, 
they escaped immediately to the walls of the shock tube and di 
sipated their energy there within a fraction of a microsecond. 

Once plasma temperatures of the order of a million degree's had 
been successfully achieved, attention was turned, early in 1957, i< 
the problem of keeping the hot plasma away from the walls and <»l 
heating it further by magnetic compression. A set of coils was added 
to the vertical section of the tube; by activating them at the time <>l 
the discharge, strong pulsed magnetic fields were produced whir 1 1 
compressed and heated the shocked plasma, confining it, in a mimn 
type configuration in the center of the tube. Fields of several Imn 
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the plasma down the tube. 
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Fig. 15-1. Shock Tube. A sudden electric dis¬ 
charge between the electrodes in the upper arm of 
the tube results in a shock wave that travels rapidly 
down the vertical section. The velocity of the 
shock may be significantly increased by the mag¬ 
netic field produced by current in the return lead. 
A high-temperature plasma is thus formed which 
may subsequently be trapped in the rising mirror 
configuration. 
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dred thousand gauss were built up in the central region for period 
of the order of 10 microseconds. 

In this way, high-temperature, high-/? plasmas were produced ami 
studied in detail. Photographs taken with a streak camera permi 11« 
observation of the behavior of the plasma during the entire cy< I. 
As of early 1958, there were indications of possible instability i 
the plasma during the period of maximum compression. In addil im. 
high-energy radiation was produced which appeared to be due eil In . 
to neutrons or to hard x-rays. Careful investigation of both I In 
topics was undertaken. 

Work at UCRL 

As discussed earlier (pages 68-70), several attempts had !><•< ■, 
made by S. A. Colgate, in 1954, to ionize and shock-heat a cold g. 
by a sudden increase in the magnetic field surrounding it (see In 
6-2). It was found in those preliminary experiments (known < 
Collapse), that the process of ionization did not occur sufficicnll\ 
rapidly to permit a clearly defined shock to be formed. In sul> * 
quent work, carried out over a period of several years, a number *.l 
modifications were incorporated which permitted the process* \ ..i 
ionization, boundary-layer formation, and shock generation to !.« 
accomplished in three successive steps. In the final step, the magnH i 
field in the discharge chamber was raised very abruptly (in a fracl ion 
of a microsecond) from 1000 to 3000 gauss. This procedure permi 11 *. i 
a clearly defined shock to be produced, the structure of which could 
then be studied experimentally and compared with theoretical pn 
dictions. 

Among other things, Colgate was particularly interested in the l,< 
havior of shocks in the limit of no particle collisions. This mall* i 
had also been investigated theoretically by H. Grad, M. H. |{<>m 
H. Rubin, and others at NYU. According to theory, a weak slim*l 
should, in this limit, result in heating the ions preferentially, wins < i 
a strong shock might be more apt to heat the electrons. A detail*«I 
knowledge of shock behavior would clearly be of value in learning Im 
to produce high-temperature plasmas. 

Work at Los Alamos 

Still another interesting development occurred at Los Alamo: , 
late 1957, involving shock excitation of a plasma, followed by \< i 
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11 mi 1 and powerful adiabatic compression. In earlier work based on 
lightly different approach, the compression had been too slow; 
mI((‘ ring collisions permitted plasma particles to escape out the 
Mil of the compression region long before high temperatures had 
i" < n attained. 

I'o overcome this difficulty, a very simple but effective oxperi- 
.riital model, known as Scylla, was built by a group under the 
■ iidance of W. C. Elmore. The basic arrangement (similar in some 
ports to that used in the Collapse experiment described above) 
■•lu.isted simply of two identical single-turn coils mounted coaxially 
dung (he discharge tube and connected to a low-inductance capacitor 
1 ink. Unlike Collapse, however, strong magnetic fields (40,000 
, mss) could be built up in the central region within a period of 
timut one microsecond. The effect of this rapid buildup was first, to 
hock-excite the gas to about 200,000°K and then to heat the re- 
tilling plasma still further by powerful adiabatic compression. 
I (nd infrequency excitation was used to provide partial ionization of 
dm gas prior to initiation of the shock. 

\ rather intense burst of neutrons was found to be emitted just 
pi ior to peak compression. As of early 1958, the exact origin of these 
<ail mns had not been determined, but there were plausible reasons 
•i I idieving that they might be arising from thermonuclear processes. 






















CHAPTER 16 


THE ASTRON PROGRAM 

In the meantime, a completely new experimental program mad. 
its appearance on the scene. It will be recalled (page 73) thal 
novel approach for producing thermonuclear reactions had bn 
proposed to the Commission by N. C. Christofilos in 1953. Althour I 
the concept was judged to be somewhat crude and incomplete mil 
original form, Christofilos modified and improved the theory duim 
the next several years, analyzing each aspect in great mathemalu 
detail. As a result of this careful analysis the approach became . .i 
increasing interest, and by 1956 it appeared sufficiently promi im 
to warrant Government support. Christofilos, who was then al lh« 
Brookhaven Laboratory in New York, was invited to go to Livn 
more to initiate an experimental effort based on his Astron concepi 

Principles of the Astron concept 

The key to the Astron approach is a cylindrical sheet of hud. 
energy electrons. This electron sheet (E-layer) would be responsihl. 
in principle, both for providing magnetic confinement of the plasm 
and for heating it to thermonuclear temperatures. The basic feal im 
of the concept may be explained in the following way. 

By means of external coils, an axial magnetic field would be pm 
duced in a large evacuated cylindrical chamber. These coils would !•• 
wound in such a way as to produce a small bump in the magmii- 
field lines at each end of the cylinder, as indicated in Fig. 16 l(n 
To this extent there is a slight similarity to the magnetic mirror <-m, 
cept. But here the similarity stops. 

Next, a beam of electrons having rather high energies (ten: • 1 
millions of electron volts) would be injected by some appropriate 
method into the chamber so as to form a circulating layer of currm 
about the central axis. As this layer is developed, it would prodm 
its own magnetic field, which would modify the field initially pm.mi 
When the current in the layer reached a high enough value, (hr m ' 
magnetic field in the central region would reverse its direction, pi 
ducing a configuration similar to that shown in Fig. 16 1(b). 
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Hy means of the electron layer, therefore, it should be possible 
1 " produce within a cylindrical vessel a magnetic field configuration 
iili lines of force that close completely on themselves, thereby 
pmviding an effective method of confining a high-temperature 
plitHiiia. 

\! this time, a mixture of deuterium and tritium gas at room 

• mperature would be admitted into the chamber. It would be im¬ 
mediately ionized by the electron layer, and the resultant plasma, 
"o\n I rapped by the magnetic field, would begin to gain energy from 
nuMTssive collisions with the high-energy electrons in the E-layer, 
i oucurrently, there would be a loss of energy from the system, as a 
" nil of plasma particles diffusing slowly outward across the closed 

nr of magnetic field until they eventually reach an “open” line of 
1 'iic and escape. However, it was shown that, in theory, the rate 

• energy input to the plasma (through collisions with the E-layer) 

• »ul(l be made greater than the energy loss from outward diffusion. 
\ a result, it should be possible, in principle, to increase the tem- 
i" i iiI urc of the plasma to values of thermonuclear interest. 

I uperimental program and related studies 

i >ue of the major uncertainties in the Astron approach is the sta- 
ihI v of the electron layer itself. While computations which have 
1 ■ «n carried out to date are encouraging in this respect, the matter 
o complex that it seemed essential to test the matter experi- 
• • ii idally. 

I ally in 1957, work was begun at UCRL, Livermore, on the first 
\ I mu model. The primary purpose of this experiment is to demon- 
I'lic whether, with a beam of relatively low-energy electrons 

• I"Mi| 1 Mev), it will be possible to establish a stable E-layer, and 
lid her this layer will effectively reverse the magnetic field in the 

• mI ml region. 

M successful, the first model will be followed by a larger version, 
i' mg an 10-layer of higher energy, which will test the ability of 
1 hi layer to confine and heat a plasma in a stable manner. Computa- 
iioii show that if the influx of impurities from the walls can be kept 
ilheieiitly low it should be possible to establish a low-density 
1 > mu, under steady-state conditions, having a temperature higher 
1 linn leu million degrees. 
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Recently, an engineering study was carried out to invest ig 
the capital and operating costs which might be anticipated lb 
full-scale, power-producing thermonuclear reactor based on 
Astron concept. The results of this study, while very prelimin.i 
indicate that such a device might possibly be economically < < 
petitive with conventional power sources. 


Fig. 16-1. The Astron Machine, (a) An axial 
magnetic field is produced in an evacuated cylin¬ 
drical tube. The current-carrying coils are so 
wound that there is a small bump in the field lines 
at each end of the cylinder, (b) High-energy 
electrons are then injected into the cylinder and 
form a circulating layer of current about the central 
axis. This current produces a magnetic field which 
modifies the original field to give a configuration 
of field lines that close upon themselves, (c) Deu¬ 
terium or tritium gas at room temperature is then 
admitted into the chamber and is heated as a result 
of collisions with the electron layer, producing a 
high-energy plasma. 
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CHAPTER 17 


DEVELOPMENT OF OTHER PROJECTS (PART II 

In addition to the programs described in the preceding cha.pl- - 
a number of other developments occurred during the period h... 
1955 to early 1958. Several of the more significant of these an .1, 
cussed briefly below. 

At the Massachusetts Institute of Technology (MIT), a gn- 
was formed during 1955 to study several basic problems of genn 
interest to the Sherwood program, particularly on the subject of lm 1 
density gas discharges in magnetic fields. This program, carried ... 
under the guidance of J. Wiesner, G. Brown, W. P. Allis, S. C. Pm 
and others, included experimental and theoretical work on n • 
topics as collision frequencies, ionization frequencies, diffusion .. 
recombination coefficients, and microwave diagnostics. 

To assist the Sherwood Steering Committee and the AEC Din > 
of Research in evaluating the relative merits and difficulties of il 
various Sherwood projects, E. Creutz of the Carnegie Instil u l < 

Technology spent nine months during 1955-56 as a full-tin i<. 

sultant-at-large to the program. 

A number of contracts were initiated directly between the Div \- i. 
of Research and various industrial groups for developmental \\. < 
of value to the Sherwood program as a whole. The more sign i In 
of these were with: 

Westinghouse Electric Corporation for the development of uh- 
high vacuum technology applicable to large systems. 

Gould-National Batteries , Inc., for developmental work on 
modified “Kapitza-type” battery, capable of discharging the gi< »n 
portion of its stored energy in a small fraction of a second. 

General Electric Company for work on barium-titanate eapa- -u 
suitable for use in fast pinch or other shock experiments. 
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\ project was initiated at the Stevens Institute of Technology, 
"inler D. Finkelstein and W. H. Bostick for the study of plasma 
klnhs (“plasmons”) formed from spark discharges, and their motion 
‘•toss magnetic fields. This work was a continuation of that carried 
•nl earlier at UCRL. 

Work was sponsored at the University of Illinois, under ]\ Coleman, 

* he development of microwave technology in the millimeter range, 

• use in plasma diagnostics. 

Study projects in the Sherwood field were initiated at the Uni- 
• i lily of Michigan and the University of Indiana. 























CHAPTER 18 


COORDINATION AND ADMINISTRATION 
OF THE SHERWOOD PROGRAM (PART II) 


From 1955 to Early 1958 


The major task of the Controlled Thermonuclear Branch of IE 
Research Division was the over-all coordination, direction, and ml 
ministration of the many projects discussed in the previous chaploi 
In addition, however, the Branch was involved in numerous ol In 
matters of a more general nature, some of which are outlined below 

Industrial participation in the Sherwood program 

Up to 1956, nearly all the Sherwood work had been carried out h 
C ommission laboratories and at universities under contract with I In 
Commission. Industry was, however, being increasingly called upm 
to undertake some task specifically required by one or another of I In 
various laboratories. In many cases this work would be done on 
completely unclassified basis, with no need for the industrial gnni| 
to have access to classified information; there were other cases, lmw 
ever, in which it appeared essential for those engaged in the work i- 
have full knowledge of the over-all program. Several of these la lb- 
cases have been discussed: for example, in connection with the pn 
liminary design studies of large-scale stellarator models, the develop 
ment of special systems of energy storage, and the production of nil r i 
high vacua. Here the work was carried out under contract with IE 
Commission (or directly with one of its Sherwood laboratories), am 
classified information in this field was provided with the understand 
ing that it would be limited to those requiring it to carry out the la I 
at hand. 

With the rapid growth of the Sherwood effort, however, there \\rn 
increasingly cogent reasons for providing qualified industrial group 
with access to Sherwood information, even in the absence* of a con 
tract in this field. 
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\mong other considerations, a number of companies already were 
or were planning to become) deeply involved in the fission reactor 
program and were understandably concerned over the possibility of 

• ■nrly success in the Sherwood program. It was recognized t ha I be- 
Inrr these companies could be expected to make additional invest¬ 
ments in the fission field, they had a right to see for themselves 
wliat was over the horizon and to make their own judgments of how 
Er away the horizon was. 

\n equally important consideration was the fact that 1 ho Sher¬ 
wood program was approaching the stage when industrial groups 
umld be expected to participate to a sizable extent in the effort, 
ml her with AEC assistance or possibly with their own funds. To 
encourage this participation, it was clearly essential that qualified 

• ompanies should be able to gain access to Sherwood informat ion. 

Access to Sherwood information 

For these reasons, the Commission took action in June, 1956, to 
m m k e Sherwood information available to those companies or indi- 
\ iduals who qualified for classified access permits. To qualify, an 
applicant had either to be engaged in a substantial effort to develop, 
dr ign, build, or operate a fission power reactor that was planned 
I nr construction, or to possess qualifications demonstrating that he 

i capable of making a significant contribution to research and 
development in the controlled thermonuclear field. 

In addition to receiving full reports on the progress of the Sherwood 
work, these groups were also invited to send limited representation 
lo I he large classified Sherwood meetings held at various spots 
throughout the country. The first of these meetings attended by 
h ecss-permittees was held in February, 1957, in Berkeley, Cali¬ 
ban ia* and next in February, 1958, in Washington, D. C. 

The effect of this access was immediate; a number of firms estab- 
h bed their own study projects in the Sherwood field; in addition, 
••vend of the larger companies (General Dynamics, General Electric, 
wild Westinghouse) publicly announced that they were initiating 

* In Berkeley, the meeting was held during the daytime in a movie 
i In nt <t that happened to be showing (for the public in the evening) a 
bnihlc-feature having the titles “Mon of Sherwood Forest” and “Top 
• rrrl Affair”! 
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experimental work with private funds; still other companies, afln 
reviewing the Sherwood reports, approached the Commission willi 
proposals for undertaking, with AEC assistance, research and develoi> 
ment projects of one type or another in the field of controlled fusion 

The question of classification 

Ever since the inception of the Sherwood program, a great deal o! 
thought had been given to the question of appropriate classification 
of the effort. The matter was widely and freely discussed among I In 
scientists at the various Sherwood laboratories and at each of tin 
conferences held; it was one of the topics on the agenda at nearb 
every Steering Committee meeting; it was carefully studied within 
the Division of Research and the Division of Classification. The pro 
and cons of the matter were presented for consideration on numerou 
occasions to the Senior Responsible Reviewers (the advisory group 
to the Commission on classification matters), to the General Advisory 
Committee, and to the Commission itself. 

As discussed on pages 76-77, the factor chiefly responsible for I In 
rather high classification initially placed on this subject was Mir 
recognition that, if successful, the achievement of controlled fusion 
would provide an intense source of neutrons which could have giv.ii 
military significance from the standpoint of producing fissionaNr 
material. The field was in its infancy; no one had sufficient knowledge 
or experience to judge the magnitude of the hurdles to be overcon w 
or the likelihood of a “break-through” at an early date. At a time 
when neutrons were still scarce throughout the world, these con 
siderations were not to be taken lightly. 

First public statements of the Sherwood program 

Prior to the first International Conference on Atomic Energy (Ik*I d 
in Geneva during August, 1955), information in the controlled ( lin 
monuclear field had been held very closely by all nations involved n. 
the effort. While there had been vague indications that seveml 
countries had programs underway, no official statement had been 
made by any country as to the scope of its effort, the laboratory 
engaged in the work, or the names of those chiefly responsible. 

It was recognized that although the approaching Geneva con in 
ence was largely dedicated to the subject of nuclear fission, the topi. 
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"I iusion might well be raised. To permit the possibility of at least a 
limited discussion of U. S. activity in this field, the Commission took 

• tllicial action on July 28, 1955, to declassify the fact that the United 
dates was actively engaged in such a program. This information 
wns disclosed a week later at the Geneva Conference in response to 
I he public interest aroused by the opening remarks of II. Bhabha 

India), in which he predicted that fusion power would be achieved 
u H liin twenty years. 

A month and a half later, a press conference was held in Washing- 
inn, I). C., at which time information was released concerning the 
mimes of the key people involved in the Sherwood program and the 
laboratories at which the work was being carried out. 

I lend toward declassification 

My this time the justification for strict classification in this field 
'\ iis diminishing rapidly. During the period since the initiation of the 
her wood effort, neutrons were becoming much more readily avail¬ 
able Miroughout the world as a result of the rapid development of 
1 1 !.:.ion-type reactors. In addition, the complexities of the field of 

• uni rolled fusion were now seen much more clearly; it was recognized 
Ihal the path or paths toward eventual success would be long and 

i mi I nous, with little chance of finding a major short-cut. Another 
important factor was the general feeling that, with declassification, 
progress would be accelerated not only because of the free inter- 
»Imnge of information that would result, but also because of the 
opportunity for additional qualified people (particularly those in 
a endemic life) to participate actively and fully in the effort. 

Nevertheless, many still had mixed feelings regarding the de- 
ii ability of extensive declassification, particularly in view of its 

ii reversible nature. 

I hiring the spring of 1956, the pros and cons of the classification 
question were again reviewed by the various groups responsible for 
i Im; matter. In addition, a special ad hoc committee, consisting of 
I Spitzer, Jr., E. Teller, J. L. Tuck, and E. Wigner, was convened 
in Washington on May 23, 1956, to discuss the question with the 
\ I U (Commissioners and staff. The strong consensus of all these 
pinups was that no information of military significance had been 
developed to date or would be likely to develop in the foreseeable 
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future. All things considered, it was judged both appropriate ami 
advantageous to declassify much or all of the work that had been 
done. 

Interchange of information with the United Kingdom 

It was, however, recognized that it would be desirable for any dr 
classification action to be carried out multilaterally (preferably l>\ 
all of the nations engaged in this field), rather than by the United 
States alone. Considerable thought was, in fact, given to the idea ol 
holding an international conference on the subject, at which :dl 
nations engaged in fusion activities would be encouraged to declassih 
and present the full extent of their work. As a first step toward llii 
goal, it was recommended that steps be taken to seek interchange 4 ol 
fusion information on a classified basis with the United Kingdom, «■ 
as to determine both the extent of their progress in this field and thru 
views on the question of classification. On the basis of these recoin 
mendations, in June, 1956, the Commission authorized (subject l<> 
the concurrence of the British) a complete exchange of information 
on controlled fusion with the United Kingdom. 

Following an interchange of correspondence on this subject l>< 
tween Commission Chairman L. L. Strauss and Sir Edwin Plowden, 
Chairman of the British Atomic Energy Authority, a meeting w.i 
held in New York City early in October between T. H. Johnson, 
A. S. Bishop, C. L. Marshall (Director of the AEC’s Division <>! 
Classification) and Sir John Cockcroft, then Director of the Harwell 
Laboratory in England. At this meeting the groundwork was laid 
for a rapid and continuing exchange of visits and technical report 
between the programs in the two countries. Just a few days later i 
small group of British scientists attended a Sherwood conference in 
Los Alamos, where both programs were discussed in detail. A n 
turn visit to Harwell was arranged for November, and from then on 
every major meeting in this field included representation from bolh 
countries. The exchange of information thus instigated proved h» 
be fruitful and mutually beneficial in every respect. 

As a result of additional discussions between U. S. and II. h 
representatives in late 1956, agreement was reached on the feature 
of a somewhat relaxed classification policy relating to information 
developed in the two programs. A classification guide embodying 
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this joint policy and specifying the areas of classified and unclassified 
information was adopted by the U. S. Atomic Energy Commission 
on March 6, 1957. 

While this classification guide permitted the release of only tin 4 
more fundamental and basic aspects of the controlled fusion program 
m the two countries, it was agreed that further declassification act ion 
would be taken jointly in time to permit extensive (if not complete) 
discussion of this field at the time of the second Geneva Conference, 
in September, 1958. A sizable fraction of the agenda of this confer¬ 
ence was, indeed, allotted to a discussion of the controlled ther¬ 
monuclear effort. 

Public release of information 

During this period, a number of public .statements and article's in 
iI k 4 field of controlled fusion began to make their appearance. In 
In I e 1955, general discussions of the subject were presented at an 
industrial conference in New York by II. I). Smyth (Princeton) and 
II Thirring (Austria). This was followed, in May, 1956, by a lecture 
nt Harwell by Soviet Academician I. Kurchatov, who described in 
detail the results of some of the work which had been carried out in 
Pussia on the pinch effect. Further presentations of a somewhat 
more general nature were made in the U. S. during the summer and 
lull of 1956 by E. Teller, R. F. Post, J. L. Tuck, M. B. Gottlieb, 

I A. Frieman, A. C. Kolb, W. H. Bostick, and others. 

By the end of 1956, scientific interest in this field was rapidly in- 
•• reusing. Stimulated largely by the experimental results disclosed by 
Kurchatov, scientists in a number of countries had undertaken 
m live research programs in this field, most of them based on the 
pinch effe t. At an international conference in Venice on gaseous 
electronics (June, 1957), papers were presented by France, Germany, 
Great Britain, Sweden, the United States, and the U.S.S.R. on 
\ arious aspects of their theoretical or experimental programs in 
• on! rolled fusion. Papers were presented by the U. S. team on such 
objects as the origin of neutrons observed in the pinch effect and 
lnbilization of the pinch by means of an internal magnetic field. 

I ively discussions were carried out in a number of languages and, 
lor I he first time, the subject began to assume a truly international 

II I vor. 
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In January, 1958, following further declassification action spent, 
ally requested by the British, a major disclosure was made join 11 
by the United States and the United Kingdom covering nearly i 
the work then underway in the pinch field. Four months later, n 
May, 1958, the United States released basic information concerniin 
the stellarator, magnetic mirror, and molecular ion beam concept 

Changes in personnel 

During 1956 and 1957, a number of personnel changes occurred n 
the direction of the Sherwood program. A. S. Bishop resigned hi. 
in 1956 as head of the AEC's Controlled Thermonuclear Branch ;m. 
was succeeded by A. E. Ruark. Over the following year, the s( .i! 
of the Branch was enlarged by the addition of H. Roderick, 11 
Morton, and others. During 1957, E. Teller and W. Brobeek i« 
signed from the Sherwood Steering Committee; in their plan 
H. York was invited to become a member and represent UCIM 
Toward the end of the same year, T. H. Johnson resigned from I In 
post of Director of Research and was succeeded by Acting Direct m 
P. W. McDaniel. 


CHAPTER 19 


SUMMARY AND OUTLOOK 

Some seven years have passed now since the inception of an ex- 
nmental effort in the Sherwood field. Over this period, the Atomic 
i nergy Commission program has grown rapidly in magnitude and 
• »pc. Beginning with barely a handful of scientists working in 
■ mporary wooden laboratories at several sites throughout the 
•am try, the effort has approximately doubled in magnitude each 
- ii r since its inception. A rough indication of this growth, in terms 
i annual expenditures and scientific man-years, is given in Fig. 19—1. 
Willi the rapid expansion in staff and in number of experimental 
• Models, extensive new accommodations were required at each of the 
major sites. 


• ope and magnitude of the present 
herwood program (Fig. 19-2) 

I'o summarize the present status of the effort, extensive work in the 
Fit wood field is now underway at four major laboratories in the 
i oiled States: 

l.ns Alamos Scientific Laboratory , where a group directed by J. L. 

1 1 irk is concentrating its efforts for the most part on the pinch ap- 
i'loach. Recently, work has also been initiated on other methods of 
ill ina confinement and heating, involving magnetic mirrors and 
"»laI ing plasmas. 

Urinceton University , where a staff of scientists and engineers, 
h PI demented by a group from industry, is working almost wholly on 
•hr lellarator concept under the direction of L. Spitzer, Jr. 

University of California Radiation Laboratories (UCRL) in Berke- 
\ and Livermore, where, under the general direction of C. M. Yan 
\Hn, a rather diversified experimental effort is under way. One 

• "Up under R. F. Post is engaged in work on the magnetic mirror 

• Ppmaeh; two separate groups under W. R. Baker and S. A. Colgate 
"«• working on the pinch effect; still another, headed by N. C. 

< In i dofilos, is pursuing the Astron concept. Rotating plasmas are 
>1 o being siudied. 

1C>1 
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Fig. 19-1. Approximate Sherwood Costs. This graph 
shows roughly the annual rate of expenditures at the various 
Sherwood installations. The scale at the right shows the approx¬ 
imate number of scientific man-years devoted to the program. 
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NYU 

Grad 


Los Alamos 

Tuck 




- Baker 

UCRL 
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Atta 
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NRL 
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Oak Ridge 

Shipley, Bell 

Princeton 

Spitzer 
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1950 

1951 
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1953 
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Type «.l 
Coni inn 



Cuspod 

Geoim-i 


Pinch 


Magnr li 

Mirroi 


Stella* 


Fig. 19-2. Chronology of the Sherwood Program, show 
ing methods of plasma confinement in experiments to date. 


SUMMARY AND OUTLOOK 


Ida 

Oak Ridge National Laboratory (ORNL), where an expanding 
i i mip under E. D. Shipley and P. R. Bell is investigating the possi¬ 
bility of building up a hot plasma by the injection and dissociation 

• •I energetic molecular ions in a magnetic mirror geometry. Work 

• it Iso being carried out on a number of such related topics as charge 
c hange, cross sections, and rotating plasmas. 

I n addition to the above major programs, smaller efforts an* under 
' »ty at a number of other locations, for example: 

New York University , where theoretical studies are being carried 

• •Hi under the direction of H. Grad on a number of problems of 
interest to the Sherwood effort, particularly with regard to stability, 

hocks, and the general field of magnetohydrodynamics. 

Naval Research Laboratory (NRL), where a group under W. Faust 

• engaged primarily in the problem of shock-heating a plasma,, with 
niihscquent magnetic mirror confinement. 

1/ assachusetts Institute of Technology (MIT), where, under the 
general guidance of J. Wiesner, a variety of problems is being studied, 
pnmarily with regard to methods of diagnostics and the general 
behavior of plasmas in magnetic fields. 

Supplementing these programs, a number of supporting projects 
•1 a research and developmental nature have been initiated at various 
■ •liter laboratories throughout the country. 

the over-all coordination and administration of the entire pro- 
rnun is under the direction of A. E. Ruark, head of the Controlled 
l hermonuclear Branch of the Commission’s Division of Research. 
In these matters, assistance is provided as required by local AEC 
"Derations offices. A chart showing the channels of Sherwood re- 
n< visibility is presented in Fig. 19-3. 

Miief summary of the developments to date 
•md the problems being faced 

Where then does the program stand at the present time? What 
Imve been the major developments up to now, and what are the 
emblems currently being faced? The next few paragraphs attempt 
in provide, without reference to the laboratories involved, a brief 
11 mmary of these matters for each of the major approaches. 

Tinch approach. Over the past seven years, the pinch approach 
b t . gone through a rather complex evolution. The original method 
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of pinch formation and heating — that of applying a low gradicni 
voltage along the discharge tube—was found to be much too slow 
be suitable. Kink instabilities developed that destroyed the pm 
long before high enough temperatures could be reached. An in ten 
effort was accordingly initiated to seek more rapid methods of pl.i 
heating—an effort which culminated in the powerful M-fli< 
method of shock-heating. With this method there was hope 1li;ii 
very rapid contraction of the pinch sheath thermonuclear temp* ■ 
tures could be achieved before instabilities developed. Rapid < 
tractions of this nature required the application of high-voli > 
gradients, which in turn predicated the use of discharge tube's uv 
insulating walls. Experimental work based on the M-theory com . t 
yielded temperatures of about one million degrees, and ikmi1 1 . 
(albeit of dubious thermonuclear origin) were found to be emiin 
from the plasma itself. Elaborate plans were made to achieve < 
higher temperatures with larger and improved models. 

Late in 1955, however, the picture changed abruptly when il 
found theoretically possible to stabilize the pinch completely I > \ 1 1 
combination of an axial magnetic field within the pinched pin >« 
and a conducting surface at the walls of the discharge tube. I'm il 
first time, there was real hope of maintaining a stabilized pirn In 
discharge for periods of thermonuclear interest. Experiments can i. 
out with both straight and toroidal discharge tubes gave cloai < 
dence of stability for brief periods at plasma temperatures eslim.ii 
as high as five million degrees. 

This technique of stabilization has proved, however, to be ami . 
blessing; its great potential advantages have been somewhat oil - 
by several new and severe complications. Among other difficult f 
the presence of the axial stabilizing field greatly limits the effect i 
ness of the M-theory method of heating, and other processe • 
being sought for raising the plasma to thermonuclear temporal m< 

In principle, the interdiffusion of the axial stabilizing field \ni 
the circumferential pinch field should provide an adequate IhmIm 
mechanism, provided the energy losses from the plasma are linni• 
to bremsstrahlung. Recent experiments have indicated, ho\v< \< 
that energy is being rapidly lost to the walls of the discharge I ul><- I 
other processes, presumably of an instability nature. While I In c 
hope that the various difficulties encountered in the R/-sl:d>ili 
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pinch approach can be overcome, other possible methods of achi< \ n 
stabilization (or quasi-stabilization) are being explored. 

Stellarator approach. The stellarator concept, too, has under*'..! 
interesting modifications over the past seven-year period. In it 
concept, in which the plasma is confined in an endless tube by nu n. 
of an externally imposed axial magnetic field, the configure I p 
originally proposed was that of a figure 8. This shape was chosen i 
provide a rotation of the lines of force as they traverse the tub. 
thereby satisfying one of the necessary conditions of plasma con(in- 
ment. A number of useful experimental models were built using (In 
configuration, and various methods of plasma heating wen* <l« 
veloped and tested. 

Later, as a result of concern over the problem of interchange m 
stability, theoretical studies led to the development of a simpl- 
geometrical system possessing inherent stability; namely, a toroid . 
discharge tube in which the rotation of the lines of force is achieve, 
by adding a set of helical conductors wound around the outside of (In 
tube. The addition of these windings provides not only the min 
tional transform .necessary for confinement but also the shear field 
required to stabilize the system. According to theory, however, I In 
maximum value of the pressure ratio 0 that can be achieved urn I* 
stable operating conditions is limited by the amount of shear Him 
can be produced with the stabilizing windings. In turn, the limitn 
tion on affects the long-term outlook for developing economi. 
power from a full-scale stellarator. While the maximum value <>l 
that can theoretically be attained with these shear fields is lower 11 mi 
might be desired, it is nevertheless high enough to make the stell.u > 
tor concept of continuing practical interest. 

There is, moreover, still much to be learned about the quest ion • • 
instability. While there is sound theoretical reason to believe in in! n 
change instabilities, it must be stated that as yet there is no < 
perimental evidence of their existence, even under conditions win 
they would be theoretically expected. The Model C stellarator, no 
under design and construction, should be of great value in (hi n 
spect. Designed as a large but flexible experimental facility rapahli 
of achieving temperatures of 100 million degrees, it should yi«-l* 
valuable information concerning the capabilities and limitation <• 
a full-scale stellarator. In addition, it is hoped that later modi In ■ 
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•n will permit coming to grips with the interchange instability 
emblems and determining the effectiveness of the proposed methods 
i t abilization. 

In the meantime, much experimental data is being acquired with 
ill. smaller B-size stellarator models. Temperatures of about one 
•Million degrees have already been achieved with existing methods of 
pi. mm heating, and tests are under way on powerful techniques 
Inch should be capable of heating the plasma rapidly to much 
i.ij/Jier temperatures. Numerous experimental difficulties continue 
. plague the progress of the work; there is, however, reason to be- 
in \ v t hat these difficulties can and will be overcome in time. 

Magnetic mirror approach. In the magnetic mirror approach, eon- 
m inrnt is provided in a straight cylindrical tube by means of an 
h rnally imposed axial magnetic field with mirrors at the two ends. 
Dm ma, injected into the chamber is trapped and heated by the pro- 
i i of adiabatic compression. The major problem from the outset 
been that of developing satisfactory ion sources capable of in- 
• img copious quantities of moderate energy ions into the system. 

■ m parallel with an intensive effort to develop such sources, much 
,.iK has been carried out with relatively small experimental models 
, .ii ig available low-energy injectors. In spite of difficulties caused 
impurities and neutral particles, this work has confirmed the 
* I»• *i »ry of trapping and heating a plasma in time-rising magnetic 
. Id i Ion temperatures of more than 5 million degrees (and elec- 
•n temperatures substantially higher) have been reported from 
I.. <• experiments. 

Ih . riitly, improved sources having ion energies of several kilo- 
•h have become available, thereby offering the hope of achieving 
i. h higher plasma temperatures by this method. If the remaining 
hihmlt ics can be overcome (such as adequate neutralization of the 
.m mid a reduction of the ratio of neutrals to ions), there will be 
1 1 h< at ion for scaling up to larger discharge chambers, in which the 
.pping efficiency would be much greater. 

In pite of earlier concern that the magnetic mirror approach 
<fhi be unstable, no evidence of instability has yet been found, 
mil plausible reasons have been advanced to explain this dis- 
P mey with the (admittedly approximate) theoretical predictions; 
. however, too early to know whether the system will continue 
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to be stable at higher temperatures and densities, or whether sp. 
modifications will be necessary to provide stability. 

Still another source of concern is the rate of loss of particles m 
through the mirrors. While the theoretical treatment of this pml 
lem is difficult, it is now evident that the recovery or reduction 
energy escaping by this route will be an important factor in an 
practical full-scale mirror machine. 

As one possible means of alleviating this difficulty, one m:< 
point to fhe recent work on rotating plasmas. Applied to the in.» 
netic mirror concept, it is possible that mass rotation of the pin. m 
may substantially reduce the rate of loss of energetic pari id. 
through the mirrors. 

Molecular ion injection approach. Another approach to the pml 
lem of forming a high-temperature plasma is that of molecular in 
injection. In experiments now in progress, molecular deuterium im 
having energies of hundreds of kilovolts are injected transvcr < I 
into a static magnetic field and dissociated by a special carbon m 
The immediate goal is to build up a high concentration of energHr 
atomic ions and to confine them long enough in mirror geomet ry I- 
their motion to randomize, with consequent formation of a I ml 
thermalized plasma at thermonuclear temperatures. Here the 
problem is to attain high enough intensity of injected ions and I" 
enough background of neutral particles so that “burnout” can on m 
Recent results have been encouraging, and a strenuous effort 
being made to reach this goal. 

For reasons of experimental convenience, present studios ;m 
being performed in a magnetic mirror configuration, but it has bn . 
shown that this method of plasma ignition, if successful, should ;il 
be applicable to closed geometries such as the stellarator. 

Other approaches . Still other approaches have been or are bom- 
explored, but are in a somewhat earlier stage of development I Inn 
those given above. In one of the more promising, the Astron a | • 
proach, the immediate task is to establish a layer of circulating high 
energy electrons. If this E-layer can be shown to be stable, it slmut 
provide an important new method of plasma confinement :m. 
heating. 
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< >ver-all status and outlook for success 

1I is clear that the end is not yet in sight. There is still a long row 
to hoe before the final goal will be reached. 

Nevertheless, in looking back over this short seven-year period, 

1 1 is also clear that very substantial progress has been made to date. 
\ number of completely different methods have been proposed for 
i'on lining a plasma and heating it to thermonuclear temperatures. 
I \ tensive experimental work has been carried out on the more 
promising of these approaches, and numerous operating models 
have amply confirmed their basic principles of operation. Already, 
H'veral laboratories have reported achieving plasma temperatures 
in excess of a million degrees—more than thirty times higher than 
the maximum attained before the Sherwood program was begun. 
More important, the groundwork, for the most part, has already been 
In id for moving on to still higher temperatures. 

'These various approaches differ rather markedly not only in their 
met hods of confinement, but (as shown in Fig. 19-4) in the way in 

Electron Volts 



Temperature, °K 

Fig. 19-4. Various Approaches. This chart 
shows only the lines of approach and is not an indi¬ 
cation of the magnitude of the projects. 
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which they approach thermonuclear conditions. Each has its sp< < i . 
advantages which make it particularly fascinating for its prop- 
nents. None is without its difficulties. 

Fortunately, the field is new and still fluid. New ideas can, almo i 
overnight, cause a major shift in emphasis and outlook. A case n 
point is the stabilization of the pinch; another is the use of a caik.. 
arc to dissociate molecular deuterium ions. Clearly, it is still I- 
early to favor one approach over the others, and none should l « 
discounted at this stage. 

One of the more encouraging developments is the rapid progn 
made in the past several years in understanding the behavior ni 
plasmas in magnetic fields. This progress has been due in pari i- 
extensive theoretical studies and in part to improved technique 1 "i 
diagnostics which permit detailed experimental analysis of plasm * 
behavior. Even such complex “cooperative phenomena” as m 
stabilities are now beginning to be understood, and theoretical 
methods of stabilization can be applied to experimental models will, 
some degree of confidence. 

Over the next few years, new and improved models now under <l< 
sign or construction will be coming into operation. Barring union 
seen difficulties, it should be possible with these models to push !•• 
still higher values of temperatures and densities than those achicn <1 
to date—values approaching those of practical interest. 

Because of the enormity of the problems involved, progress may l»< 
expected to be slow and halting. Up to the time of this writing, how 
ever, no basic obstacle has been discovered which would prevent (In 
attainment of the final goal. With ingenuity, hard work, and .» 
sprinkling of good luck, it even seems reasonable to hope that, a lull 
scale power-producing thermonuclear device may be built within 
the next decade or two. 

Whether the process of controlled fusion can ever be made r<.. 
nomically competitive with such other sources of energy as coal, oil 
and fission reactors is anyone’s guess. It is, however, reasonabli 
to expect that, if successful, this new source of energy will not di 
place the others, but rather will supplement them during this era ol 
rapidly expanding power requirements. 

Unquestionably, it is a program of rare importance, offering man 
kind for the first time in history the prospect of an essentially un 
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limited source of energy. Over the shorter term future, the technical 
problems still to be solved present a stimulating challenge to trained 
people the world over. With several countries already actively en¬ 
gaged in the field and others ready to join their ranks, if is to be 
Imped that there will result a fruitful exchange of ideas and tech¬ 
nology which will speed the attainment of the final goal. 
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SEVERAL FUNDAMENTAL TOPICS OF PHYSICS 


Elementary particles 


The three most important building blocks of matter are tin 
electron, the proton, and the neutron. The electron has a negative 
charge e of 4.80 X 10“ 10 electrostatic unit (equivalent to 1.60 
10 -19 coulomb) and a mass m of 9.11 X 10“ 28 gram. Expressed in 
units of electron charge and mass, the values for all three particl* 
may then be written: 

Charge, Mass, 

in units of e in units of m 


Electron — 1 1 

Proton +1 1836 

Neutron 0 1845 


Structure of the atom 

According to present views, each atom is composed of a sm;ill 
heavy core, or nucleus, about which revolve a number of electron 
much in the way that the planets revolve about the sun. The nuclcu 
itself has a diameter of about 10 -12 centimeter, and is believed to l>< 
a complex structure, consisting only of neutrons and protons. It tini 
possesses an integral positive charge equal to the number of proton 
it contains. In any neutral atom, the positive charge due to I lie 
protons in the nucleus is counterbalanced by the negative charge nl 
an equal number of external electrons that encircle the nucleus in 
definitely prescribed orbits of roughly 10 -8 centimeter diametei 
Thus the atom as a whole has zero net charge. 

In turn, it is the number of external electrons that determines (In 
chemical properties of the atom and distinguishes the variou 
chemical elements. The simplest element is hydrogen, which possess* 
only one electron encircling a nucleus with but one proton. The ne\l 
simplest element, with two external electrons, is helium; then com* 
lithium, with three electrons, etc. The most complex naturally <><• 
eurring element is uranium, with 92 electrons encircling its nucleic 
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We have seen that the number of protons is identical to the num¬ 
ber of external electrons. There is, however, some flexibility in the 
number of neutrons which may occur in any nucleus, and several 
different species of the same element may exist. These different 
peeies, or isotopes , are chemically identical; because of the different 
nuclear structure, however, their nuclear properties may be different. 

The number of protons in the nucleus (and hence the nuclear 
' barge, measured in terms of the unit charge) is usually designated 
I >y the symbol Z, and is called the atomic number. 

The total number of nucleons in the nucleus (i.e., the sum of the 
number of protons Z and the number of neutrons N) is called the 
mass number , and is designated by the symbol A. It is a whole 
number approximately equal to the mass of the nucleus, when 
measured in units of the proton mass. 

The table on page 174 presents values of A, Z } and N for several 
nuclei of interest. 

binding energies 

If a nucleus is bound together in a stable way, then a certain 
amount of energy, the binding energy for that nucleus, is required to 
break it up into its component nucleons. Conversely, when a set of 
individual nucleons join together to form a stable nucleus, energy is 
released. This energy arises from the fact that the mass of the 
product nucleus is less than the total of the masses of the com¬ 
ponent nucleons, and the difference in mass is converted into its 
equivalent form, energy. The relationship between mass M and 
energy E is given by the Einstein equation 

E = Me 2 , 

where c is the velocity of light. 

The binding energy, B, is thus the energy equivalent of the differ¬ 
ence between the total of the masses of the component particles and 
l lie mass of the bound nucleus; i.e., it is the energy equivalent of 

(M p + NM n ) - M, 

when* .I/,, and M n are the proton and neutron masses, respectively, 
md .1/ is (lie true mass of the bound nucleus. 





















List of Several Elements and Their Isotopes 


Element 

Characteristics of its nucleus 

Name 

No. of 
electrons 

Name given 
to isotope 

Name given 
to nucleus 

Symbol 

No. of 
protons, 

Z 

No. of 
neutrons, 
N 

Mass 

number, 

A 



Hydrogen 

Proton 

H 1 (or p) 

1 

0 

1 

Hydrogen 

1 

Deuterium 

Deuteron 

H 2 (or D) 

1 

1 

2 



Tritium 

Triton 

H 3 (or T) 

1 

2 

3 



Helium-3 

Helium-3 

He 3 

o 

1 

Q 

Helium 

2 


nucleus 

Z 

o 



Helium-4 

Helium-4 

nucleus 

He 4 

2 

2 

4 



Lithium-6 

Lithium-6 

Li 6 

Q 

Q 

c 

Lithium 

3 


nucleus 

O 

0 

0 



Lithium-7 

Lithium-7 

nucleus 

Li 7 

3 

4 

7 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

etc. 

i 

i 

i 

I 

1 

I 

1 

1 

Uranium 

92 

Uranium-235 

Uranium-235 

nucleus 

U 235 

92 

143 

235 




Uranium-235 

1-238 

92 

146 

235 
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Force on a moving charged particle in a magnetic field 

If a charged particle moves in a magnetic field, it will experiem. 
force at right angles both to the direction of the magnetic field In 
and to the instantaneous direction of motion of the particle. Supp< > 
for example, that a magnetic field of strength B is established in 
direction perpendicular to the plane of this page, with lines of i<n 
out of the paper, as indicated by the dots in figure (d). If a, p<» 
tively charged particle is moving with a velocity v in the plain- 
the paper, it will experience a force F at right angles which will h • 
to bend it into a circular path of radius r. The magnitude of i 
force is given by the relationship F = Bev. If 
B is expressed in gauss, e in esu, and v in centi¬ 
meters per second, then F is in dynes. For a 
negatively charged particle the direction of the 
force would be reversed. 

The inward magnetic force is counterbalanced 
by the outward centripetal force mv 2 /r. By 
equating these forces, the radius r is found to 
be mv/Be. 

More generally, if v and B lie at some angle 6 
to each other [figure (e)] then the force F is in 
a direction perpendicular to the plane passing 
through B and v ; its magnitude is given by F = 

Bev sin 6. Thus if v lies in the same direction as 
the magnetic field, the particle will experience 
no deflecting force whatsoever. 

Diamagnetic effect of charged particles moving in a magnetic fir 

It should be noted that the motion of a charged particle in 
magnetic field creates its own field, which is always in opposition 
that originally present. In a similar way, if an assembly of cli:ii r • 
particles (e.g., a plasma) is confined by an externally applied nm 
netic field, their motion will reduce the net magnetic field sfreiij’ 
within the plasma itself. If the density and velocity of the pari n I 
are high enough, this “diamagnetic effect” can reduce the inlem 
field to zero. In these circumstances, the particles will mow 
straight lines within the plasma, and be turned back bv tin- magm i 
field at its edge. 
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LOW-TEMPERATURE FUSION 

< hie of the requirements of the controlled thermonuclear program 

• i he achievement of exceedingly high temperatures. As pointed out 
in (■hapter 1, the necessity for such temperatures arises from the 
i " I t hat the interacting deuterons are positively charged and hence 

I "lid to repel one another strongly. High kinetic energies (corre- 
P< mding to high temperatures) are required so that the deuterons 

n»n v come sufficiently close to one another to permit fusion. 

II, however, the charge of one of the interacting particles could be 

• llcctively neutralized, the need for high temperature would be obvi- 
•»l»’d. * A beautiful demonstration of this fact was provided by the 

nrk of Alvarez, Bradner, and others at the University of California 
i Berkeley, who showed experimentally that fusion reactions can 
I- produced at low temperatures with the aid of mu-mesons. 

Mesons are a set of unstable particles, and may be produced by 
'•nml >arding a suitable target with high-energy particles from an 
"‘locator (e.g., with protons having energies of 300 Mev or greater). 

' M I he various types of mesons produced in this way, the negatively 

I I H gcd pi-meson has a mass approximately 273 times that of the 

• l< < I ron, has a half-life in free space of the order of 10 -8 second, and 
I- ■ ;iys into a negative mu-meson (plus a neutrino). The negative 

<i meson has a mass of 212 electron masses, a half-life in free space 
i ’ X I0 -G second, and decays into an electron (plus two neutrinos). 

II, however, a negative mu-meson is brought to rest in an atmos- 
I'Ihto, say, of deuterium, it will form what is known as a “mesic 
•h ulcrium atom,” i.e., a deuterium atom in which the atomic electron 
• ‘•placed by the meson. It thus constitutes an electrically neutral 
l<-m composed of a deuteron encircled by a mu-meson. Since, 
huvrvrr, the mu-meson has a mass several hundred times greater 

I "i- similar reasons, high temperatures are not required in the fission 
t< l ion. Because of its lack of charge, a neutron, even when moving very 
•" I v , can easily penetrate a U LM,) or plutonium nucleus and cause it to 
""lergo fission. 
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than that of the electron, its lowest energy orbit lies closer to il** 
deuteron by the same factor. Because of the neutrality of this lm 
system, it can now approach another deuteron very closely witlmui 
experiencing a force of repulsion, and can form a mesic moleculn 
ion, i.e., a system of two deuterons bound very closely together I • • 
the meson which encircles them both.* The deuterons would in I In 
way be bound sufficiently close together that they would ha ve n. 
appreciable chance of undergoing fusion, with consequent release < i 
energy in the form of kinetic energy of the reaction products. Tin 
meson would be ejected unscathed in the process; it would then I- 
free to form other mesic atoms and to catalyze other fusion react ion 

Unfortunately, as has been mentioned, the mu-meson has a m\ 
limited lifetime (several millionths of a second, or even less if, :i i 
likely to happen, it is captured by and interacts with one of I In 
helium nuclei produced in the fusion reaction). Thus even uiidn 
optimum conditions, a mu-meson has time to catalyze only a IV w 
fusion reactions during its lifetime, and the total energy release *< I i 
only a small fraction of that required to produce the meson in I In 
first place. As a result, mu-meson fusion, while of great scientiln 
interest, does not appear to be a practical means of releasing nuclc:n 
energy. 

* The usual molecular deuterium ion consists of two deuterons loo. • I 

bound together by an encircling electron. In the mesic molecular ion 
however, the deuterons are much more closely bound together because «.i 
the greater mass of the meson. 
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THERMONUCLEAR REACTIONS IN THE SUN AND 
OTHER STARS 

11 is now widely accepted that among the thermonuclear reactions 
h ponsible for energy release in the sun and other stars, one of the 
most important is the formation of a He 4 nucleus (and two positrons) 
I rnm four protons. There are two different ways in which such a 
fusion reaction is believed to occur: the first is the so-called carbon 
« v«le proposed independently by H. Be the and von Weizacker; the 
reond is known as the proton-proton chain. 

In the carbon cycle, the suggested sequence of fusion events is the 
Ini lowing, where p = proton (hydrogen nucleus), C = carbon 
nucleus, N == nitrogen nucleus, 0 = oxygen nucleus, He = helium 
nucleus, e + = positron (i.e., a positive electron): 

p + C 12 -» N 13 + energy 

N 13 -* C 13 + e + 

p + C 13 -* N 14 + energy 

p + N 14 -♦ O 15 + energy 

O 15 -> N 15 + e+ 

p + N 15 -* C 12 + He 4 


or, in total, 4 p-* He 4 + 2e + + energy (26.7 Mev). 

In the proton-proton chain, the sequence of reactions is believed 
in be as follows, where D represents a deuteron: 

p + p-♦ D + e + + energy 

D + p -♦ He 3 + energy. 

The He 3 nucleus now interacts with another He 3 nucleus, produced 
i mm an identical set of reactions, thereby yielding 

He 3 + He 3 —> He 4 + 2 p + energy 

1 p —> lie 4 + 2 e + -f energy (26.7 Mev). 
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In stars having temperatures of about 20 million degrees (as d<» 
the sun), the carbon cycle and the proton-proton chain prove ■ 
occur with roughly equal probability. At lower temperatures, il 
proton-proton chain is of greater importance, while at higher tempn 
tures the carbon cycle predominates. 

In stars, forces of gravitation prevent the escape of charged parii 
cles from the hot plasma. Because of the enormous masses of mu I• 
bodies, this method of confinement is extremely effective, and hem 
there is no necessity for the thermonuclear reactions to occur rapid I \ 
Both the above stellar processes do, in fact, proceed at extreme!* 
slow rates—rates far too slow to permit their practical use in mn 
trolled thermonuclear reactions here on Earth. For laboratory < 
periments in the field of controlled fusion, it is necessary to scln i 
as fuel, nuclei which interact more readily. The most promising <>i 
these nuclei are those discussed in the text, namely, deuterium :im! 
tritium. 


APPENDIX IV 


UNPROMISING APPROACHES 

()ne of the intriguing pastimes in the Sherwood field is thinking up 
new and feasible approaches to the goal of fusion power. Those who 
have tried it will vouch that it is not an easy task. Of the numerous 
nggestions advanced over the years, many have been ingenious. 
Hie great majority, however, have fallen far short of meeting the 
basic requirements of a practical fusion device (as outlined in Chapter 
I). By way of illustration, we list below several approaches suggested 
perennially but which for one reason or another do not appear to be 
promising. 

Bombardment of a target by high-energy ions 

Historically, fusion reactions between deuterium ions were first 
produced in the laboratory in the late 1930's by bombarding a solid 
deuterium compound with high-energy deuterons. For a number of 
reasons, however, this approach is not suitable for a practical fusion 
device. The principal difficulty is that the impinging particles fritter 
i way almost all their energy in useless ionization of the target atoms. 
\s a result, only a very tiny percentage succeed in colliding with 
iargot nuclei with sufficient energy to undergo fusion. The energy 
vield from these few reactions falls far short of compensating for the 
energy input required to produce the beam initially. 

Bombardment of a gaseous discharge by high-energy ions 

Substitution of a gaseous discharge for a solid target improves the 
picture somewhat, but not enough to make this approach of practical 
mI (*rest. The major difficulty is that the temperature of the electrons 
in a gaseous discharge is rather low, and the impinging ion beam will 
dissipate its energy rapidly through collisions with these particles. 
; mce there is no plasma confinement, the energy thus transferred to 
i he electrons is immediately dumped at the walls of the discharge 
< hamber, and the temperature of the discharge remains the same as 
I irl’oro. 
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Colliding ion beams 

One way of eliminating the above difficulties is to direct two 1m m, 
of energetic deuterium ions against each other. This approach f;nl 
however, in at least two respects. In the first place, as mentioned n. 
Chapter 1, the probability of elastic scattering between two ions l 
exceeds the probability of a fusion reaction. Thus, the ions would 
for the most part, be deflected out of the beam long before I In \ 
undergo fusion. A second and still more devastating consideration • 
the fact that even with the most optimistic beam intensities, tin 
density of ions in the intersecting beams is many thousands of fim< 
too low to yield power densities of practical interest. 

Exploding wires 

If a high current surges through a fine wire, the wire will explod, 
thereby releasing a large amount of energy suddenly to the mu 
rounding gas. It is often suggested that thermonuclear temperatm < 
might possibly be achieved by this method, but there are scvn d 
weaknesses to this approach. The first is that the ions would !»• 
heated rather slowly in this process: the electrons would be healed 
first and then transfer energy to ions through collision. A second 
difficulty is that the vaporized wire would introduce large amount 
of high-Z impurities in the gas, thereby greatly increasing the r.d« 
of energy loss by radiation. 
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GLOSSARY OF TERMS 


\diabatic compression 

A compression (of a plasma, say) which 
is not accompanied by the gain or loss 
of heat from the outside. 

Arc 

An electric discharge between two elec¬ 
trodes. 

Humic number (Z-value) 

A number corresponding to the number 
of protons in the nucleus (or, in a 
neutral atom, to the number of external 
electrons). It is thus an integer express¬ 
ing the nuclear charge in units of the 
electronic charge e. 

d value 

A pressure ratio; specifically, the ratio 
of the outward pressure exerted by the 
plasma to the inward pressure the mag¬ 
netic confining field is capable of exert¬ 
ing. 

Micmsstrahlung 

The radiation emitted as a result of the 
deflection (e.g., through collisions) of 
rapidly moving charged particles. 

burnout 

A term applied to the rapid reduction in 
the density of neutral particles in a dis¬ 
charge, as a result of their being ionized 
more rapidly than they are formed. 

• npacitor 

A device capable of storing electrical 
energy. Also called a condenser. 

• Vii ter of curvature 
•1 a particle) 

The center about which the particle is 
rotating. 

' 1 large exchange 

The transfer of charge between two 
bodies, resulting from collision with each 
other (e.g., the collisional transfer of an 
electron from a neutral atom to a singly 
charged positive ion, the latter becom¬ 
ing neutral and the former charged). 
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Condenser 

See capacitor. 

Cooperative phenomena 

The motion of interacting particles n< i 
ing collectively, rather than individu 
ally (e.g., plasma oscillations, turlm 
lence, instabilities of one type 
another). 

Coulomb force 

The force of repulsion (or attraction] 
exerted by one electrically charged bod \ 
upon another. 

Critical temperature 

The temperature at which the enorg\ 
generated in a plasma through the fu 
sion process just equals the energy nidi 
ated away through the process ol 
bremsstrahlung. 

Cross section 
(for a given event) 

A quantity proportional to the prolm 
bility that such an event will occur pn 
unit time. 

Cyclotron frequency 

The frequency of natural rotation ol > 
charged particle in a magnetic field. 

Degenerate configuration 

In the sense used here, a configuration 
in which the magnetic lines of force <-l< »• ■ 
exactly on themselves after passing om • 
around the configuration. 

Degenerate system 

As used here, a system in which the lim 
of magnetic field close exactly upon 
themselves after a single transit of Mh 
tube. 

Deuterium atom 

An isotope of the hydrogen atom will 
one proton and one neutron in it 
nucleus, and a single orbital electron 

Deuteron 

The nucleus of a deuterium atom. 

Diagnostics 

The procedure of determining (diagno 
ing) exactly what is happening in m 
experiment. 
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I)illusion 


I >ircct conversion 


I )oppler broadening 


Klcctric voltage gradient 


Klectron volt, ev 


field strength, electric 


field strength, magnetic 


fission 


fusion 


The interpenetration of one substance 
into another as a result of thermal mo¬ 
tion of the individual particles (e.g., the 
diffusion of a plasma across a magnetic 
field as a result of collisions). 

The transformation of energy released in 
the fusion process directly into electrical 
power, without the necessity for an in¬ 
termediate heat cycle. 

The broadening of a spectral line as a 
result of the motion of the emitting 
atoms toward or away from the detect¬ 
ing equipment. The magnitude of the 
broadening can be used to calculate the 
temperature of the emitting gas. 

The change in voltage per unit length 
(when measured in the direction of max¬ 
imum change); equivalent to electric 
field. 

A unit of energy, equal to the energy 
acquired by a singly charged particle in 
passing through a potential difference of 
one volt. 1 ev = 1.00 X 10~ 12 erg. 

A measure of the intensity of the electric 
field, or of the force on a unit charged 
particle placed in this field. 

A measure of the intensity of the mag¬ 
netic field, or of the density of the 
magnetic flux. 

The splitting of a nucleus (such as U 235 ) 
into two more-or-less equal fragments 
(fission products), with an associated re¬ 
lease of energy. In the process, several 
neutrons are also emitted. 

The binding together or “fusing” of cer¬ 
tain very light nuclei to form heavier or 
more stable nuclei. Energy is released 
in the process. 
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Gauss 

A unit of magnetic field strength (i.< 
of magnetic flux density). 

Gradient (of electric voltage) 

See electric voltage gradient. 

Homogeneous magnetic field 

A magnetic field of uniform strength 

Hydrodynamics 

The science dealing with the action mi 
motion of fluids. 

Hydromagnetics 

See magnetohydrodynamics. 

Ignition temperature 

The temperature at which the pow 
produced in the plasma from therm' 
nuclear reactions is equal to that rml 
ated away by bremsstrahlung. 

Image converter 

A camera which, as a result of an ii 
ternal electronic image system, is enp; 
ble of taking photographs using vn 
short (and accurately predetermine- 
exposure times. 

Image currents 

Currents induced in one conductor (v.y 
the metal w r alls of a discharge tube) i 
suiting from changes in current in mi 
other nearby conductor (e.g., the plasn 
inside the tube). 

Inductance 

The impedance offered by an electrir 
circuit to any change in current. 

Interchange instability 

The name given to the type of in si 
bility in which the plasma interchange 
position with the magnetic field. \l 
called a “flute-type” instability, sin- 
flutes would be expected to develop - 
the interface between the plasma an 
the magnetic field. 

Ion 

An atom (or a molecularly bound gmu 
of atoms) which have become chargi 
as a result of gaining or losing planet m i 
electrons. A completely ionized atom 
one stripped of all its electrons. 

Ion source 

A device capable of emitting ions. 
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Joule 


Joule heating 


One of several species of the same ele¬ 
ment, possessing different numbers of 
neutrons (but the same number of pro¬ 
tons) in their nuclei. 

A unit of energy corresponding to a 
watt-second, or to 10 7 ergs. 

See ohmic heating. 


Kelvin scale 


Kruskal limit 


Magnetic confinement 


Magnetic pressure 
Magnetic pumping 


The scale of absolute temperature, in 
which the zero is approximately —273°C. 

A value of current which, if exceeded, 
should theoretically result in instabil¬ 
ities in the stcllarator. 

The ability of a magnetic field to pre¬ 
vent the escape of the charged particles 
of a plasma. 

The pressure a magnetic field is capable 
of exerting upon a plasma. 

A term given to a type of plasma heating 
in which the plasma is successively com¬ 
pressed and expanded by means of a 
rapidly fluctuating external magnetic 
field. 


\ I agnctohydrodynamics 


Mean free path 
(for a given event) 

Microsecond 

Millisecond 

Neutralized plasma 

Non homogeneous magnetic field 

N ucleon 


The science dealing with the motion of 
fluids interacting with a magnetic field. 
Also called hydromagnctics. 

The distance a particle will travel, on 
the average, before undergoing such an 
event. 

One-millionth of a second (i.e., 10 ~ 6 
second). 

One-thousandth of a second (i.e., 10 “ 3 
second). 

A plasma with no net charge. 

A magnetic field which is not uniform in 
strength over a given region of space. 

A nuclear particle, i.e., a neutron or a 
proton. 
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Ohmic heating 

Periodic table 
Plasma 

Radius of curvature 

Rotational transform 

“Runaway” electrons 


Scattering 

Shear fields 

Shock-heating 
Shock tube 


Often called Joule heating. The heating 
which results from the resistance tlx 
medium offers to the flow of electm 
charge. 

A table of the chemical elements. 

An assembly of ions and electrons. 

The distance from a particle to its center 
of curvature. 

A magnetic field configuration is said t<» 
possess rotational transform if the lines 
of force, after one circuit around the 
configuration, do not close exactly on 
themselves, but are rotated through 
some angle about the so-called magnetic 
axis. 

As the energy of an electron increases, 
the probability of its being scattered 
(and hence of losing part of its kinetic 
energy) decreases. Thus, under the in 
fluence of an applied unidirectional 
field, the faster electrons will gain energ\ 
at a higher rate than the slower elec 
trons, and they eventually “run away ” 
in energy from the other particles. 

The deflection of one particle as a res nil 
of collision with another. Elastic scat 
tering is scattering in which the total 
kinetic energy is unchanged. 

In the sense used here, magnetic fields 
that rotate in direction as one moves 
transverse to the field; e.g., in the stellar 
ator tube, magnetic fields that increase 
in pitch with distance from the axis. 

The heating produced by the impact of 
a shock wave. 

A tube designed specifically to produce 
shock waves. 
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Shock wave 

The wave produced (e.g., in a gas) as a 
result of a sudden violent disturbance. 
To produce a shock wave in a given 
region, the disturbance must take place 
in a time short compared with the time 
required for sound waves to traverse the 
region. 

Smear camera 

See streak camera. 

Spectroscopy 

The science of analysis of light or other 
type of radiation, using instruments 
known as spectroscopes and spectrom¬ 
eters. 

Stable confinement 

As used here, the ability of a magnetic 
field to confine a plasma without per¬ 
mitting the buildup of cooperative phe¬ 
nomena which would carry particles 
very rapidly to the walls of the dis¬ 
charge chamber. 

Streak camera 

A camera which, by means of an internal 
rotating mirror, sweeps the image over a 
strip of film, thereby providing a con¬ 
tinuous record of the behavior of the 
subject over a brief period of time. 

Temperature 

A measure of the energy of random mo¬ 
tion of an assembly of particles (e.g., in 
a gas). 

Thermonuclear conditions 

The achievement of an adequately con¬ 
fined plasma having temperature and 
density sufficiently high to yield sig¬ 
nificant release of energy from fusion 
reactions. 

Torus or toroid 

As used here, a doughnut-shaped tube. 

Tritium atom 

An isotope of the hydrogen atom with 
one proton and two neutrons in its nu¬ 
cleus, and a single orbital electron. 

Triton 

The nucleus of the tritium atom. 

/-value 

See atomic number. 
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GLOSSARY OF SYMBOLS 

A Mass number; equal to the number of nucleons in a nucleii 

B Magnetic field strength (B z refers to an axial magnetic field, 
Be to an azimuthal field). 

Ratio of plasma pressure to magnetic pressure outside plasm.-> 
[= nkT / (B 2 /St)]. 

c Velocity of light. 

D Deuteron. 

d Diffusion rate. 

e Electronic charge, 

ev Electron volt. 

E 0 Energy released in a fusion process. 

F.P. Fission product. 

H Hydrogen. 

k Boltzmann’s constant (= 1.38 X 10“ 16 erg/°K). 

°K Degrees Kelvin. 

kev Kilo electron volt (= 1000 ev). 

X Mean free path. 

m Electron mass. 

M Mass of a nucleon; M v and M n refer to the mass of the proton 
and neutron, respectively. 

Mev Million electron volts (= 1,000,000 ev). 
n Neutron. 

n Density. 

N The number of neutrons in a nucleus, 
p Proton. 

Pb Pressure which can be exerted by a magnetic field ( B 2 /Sn ) 

P g Power generated within a plasma (= j>n 2 avEo). 
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Pp Pressure exerted by a plasma (= nkT). 

P r Power radiated away from a plasma by bremsstrahlung 

(= 1.42 X 10 ~ 27 Z 2 ni n e T 112 ). 

a Cross section. 

T Triton, 
r Confinement time. 

v Velocity. 

Z Atomic number; equal to the number of protons in a nucleus. 
r Radius of discharge tube. 

It Radius of curvature. 
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BRIEF DESCRIPTION 1 
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)ver-all 

Length, 

feet 
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joules 

1 

Estimated 
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Figures shown below are for latest operating v< 

ersion as of early 1958. 1 
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_ 

Mnrmediate-size model using 
high-energy molecular ion injec¬ 
tion and breakup 













__1 

Model to test injection and 
breakup of high-energy molec¬ 
ular ion beam (600 kev) 

3 

17 

10 

I 


_ 

Model with injection of moder¬ 
ate energy ions (5 to 10 kev) 

.ind subsequent compression 

9 

20 


10 6 
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Model employing rotating plas¬ 
mas to test enhanced mirror 
, i mfinement 

3 

10 

10 

5 X 10 3 

2 X 10 5 

10 5 

A model to produce rotating 
jilusmas and test their confine¬ 
ment 

0.2 

18 

20 

5 X 10 4 


1 

,hock-heating and subsequent 
.nliabatic compression 



50 

3 X 10 4 


>10 7 

t'lasma-heating with shock tubes 
and subsequent adiabatic com¬ 
pression 

1 

1 

500 

3 X 10 5 

>10 6 

>10 6 

An apparatus which provides 
three successive stages of plasma 
..mpression 


18 to 3 

100 


5 X 10 6 

1 

A machine for providing single- 
tiage compression 

4 

6 

50 

10 6 

>3 X 10 6 

1 

--- 






1 

A DC machine with low central fields 
.md high mirror ratio to measure par¬ 
ti.lo losses under high-(Q conditions. 
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A small model with very high 
. ..mpression ratios 

1 

1 

200 

5 X 10 4 



fust mirror machine built; used 
"..liofrequency acceleration to 

Imp particles 

10 

6 

3 
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-- 
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Adiabatic compression, 57, 121, 147 
Arcs, concentric, 67 
Astron program, 148 ff 
Atom, structure of, 172 

B-l, 110 
B-64, 107, 110 
Binding energies, 173 
Bremsstrahlung, 8, 43, 98 
Burnout, 134, 138 

Charge-exchange, 66, 67 
Collapse, 68, 70, 146 
Columbus, 31, 32 
Columbus II, 102 
Columbus S-4, 99 
Conductivity, 29 

Confinement, 10, 13, 21, 31, 34, 116, 
130 

magnetic, 15 
magnetic mirror, 54 
problem of, 15 ff 
Containment, particle, 12 
Cusped-geometry, 21 
program, 139 ff 
Cyclotron frequency, 114 
Cyclotron-resonance heating, 114 

DC pulse, 40, 46, 48, 114 
DCX experiment, 136 ff 
D-D cycle, 60 
Density, low, 7 

Density of plasma, 7, 8, 13, 31 
Deuterium. 3, 4, 8n, 12, 13, 14, 15n, 
31, 42, 133 
Diffusion, 43 
Diffusion rate, 16 
Divertors, 42, 43, 44, 108, 118 
Doppler broadening, 82 

Electric fields, 15n, 56, 57 
Electricity, direct generation of, 6 
Ends, problem of, U. S. approaches, 
20 

Energy source, unlimited, 4 
Etude, 112 


Fast pinch, 91 
Fast pinch experiments, 102 
Felix, 121,-126, 127 
Fields, interdiffusion of, 96 
Figure-8 configurations, 34, 38, 46, 
51, 108, 112, 118 
Fission, the process of, 1 ff 
Flux lines, 36 
Fusion, 24, 46, 83 
controlled, basic principles of, 1 ff 
process of, 2 ff 

requirements for achieving, 6 

Glossary of symbols, 190, 191 
Glossary of terms, 183 ff 
Gradient (of electric voltage), 30, 
32, 40n 

Heating, cyclotron resonance, 118 
methods of, 44, 50 
High-energy injection, 132 
High-temperature plasma, 118 
High-voltage gradients, 164 
Homogeneous magnetic field, 16 
Homopolar experiment, 127, 128 

Ignition temperature, 10 
Image-converter, 25, 80 
Image currents, 29 
Impurity difficulties, 108 
Injectors, 63, 121 
Instabilities, 26, 28, 29, 80 
electrostatic type, 118 
indication of, 116 
prediction of and verification, 25 
summary, 166 
Ion source, 61, 62, 63, 67 
work, 121 
IXION, 128, 130 

Kink instability, 25, 26, 80, 86, 102, 
164 

Kruskal limit, 107, 116 

Linear pinch, 102 
Lithium blanket, need for, 42 
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Low-temperature fusion, 177 ff 
Low r -temperature plasma, 122 

Magnetic compression pressure, 61 
Magnetic field, 15, 16, 18, 33, 34, 38, 
40n, 42, 43, 44, 70, 85, 104, 107, 
110, 175 

configuration, 52 
diamagnetic effect of charged 
particles moving in, 176 
force on a moving charged parti¬ 
cle in, 176 

rate of plasma diffusion in, 65 
Magnetic mirror approach, con¬ 
cept, 20 
summary, 167 

Magnetic mirror program, 51 ff, 

119 ff 

Magnetic pressure, 18 
Magnetic probes, 80 
Magnetic pumping, 42, 44, 46, 48, 
50, 114, 118 
Matterhorn, 48, 106 
Mean free path, 12n 
Microwave interactions, 82 
Model A stellarator, 38 
Model B, 40, 167 
Model B-l, 48, 50 
Model B-2, 48, 50, 107, 114 
Model B-3, 114 
Model C, 41, 48, 106, 107, 166 
modified, 118 

reinitiation of work on, 116 ff 
Model D, 41, 42, 46 
design features of, 47 
Molecular ion dissociation, 133 
ignition program, 132 ff 
injection approach, 168 
M-Theory, 29 ff, 164 

Neutron emission, 83 

ORION, 138 

Particle losses, 134 
Perhapsatron, 25, 28, 29, 30, 31, 99 
Periodic table, 2 
Photography, 80 

Physics, fundamental topics of, 172 


Picket-fence, 86, 90, 91 
and cusped geometry, 139 
Pinch, attempts to stabilize, 28 
Pinch approach, 163, 164 
Pinch program, 22 ff, 90 ff 
Pinch work, at UCRL, 68 
Plasma, 7, 10, 12, 16, 18, 28, 80 ff, 
85, 86, 107 

high-density, high-temperature, 
56 

pinch effect in, 22 
Plasma arcs, 128 
Plasma confinement, 15, S3 
effect of collisions on, 54 
Plasma diffusion, in a magnetic 
field, 65 

Plasma heating, 30, 161 
Plasma loss, 120 
Plasma pressure, high, 106 
Plasma rotation, 130 
Polytron, 74 

Pressure-balance method, 98 
Probe measurements, 98 
Pyrotron, 121, 122 

Q-cumber, 1 19, 120 

Radiation, 8, 82, 114 
Radiation damage, 43 
Reaction product, nonradioactivc, 6 
Rotating plasma, 127, 128 
concept, 21 

Safety, inherent, 6 
Sausage-type instability, 93, 102, 
104 

Scallops, 42, 46, 49 
Screw-dynamic pinch experiment, 
102 

Scylla, 147 

Self-sustaining chain reaction, 2 
Self-sustaining process, 8 
Self-sustaining thermonuclear reac¬ 
tion, 132 

Shear fields, 112, 116 
Sherwood conferences, participa¬ 
tion in, 192 ff 

Sherwood program, coordination 
and administration of, 154 
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first public statements of, 156 
industrial participation in, 154 
information, access to, 155 
interchange of information with 
the United Kingdom, 158 
over-all status and outlook for 
success, 169, 170 
personnel, changes in, 160 
persons associated with, 201 ff 
public release of information, 159 
question of classification, 156 
scope and magnitude of present 
program, 161 

summary and outlook, 161 ff 
summary of developments and 
problems, 163 

trend toward declassification, 
157 

Shock-heating, 68, 143, 164 
Shock-tubes, 143, 144 
Shock-wave experiments, 143 
Smear camera, 80 
Spectroscopy, 82 
Stability, 85 ff 
concern over, 106 
experimental work on, 119 
Stabilization, 26, 29 

experimental confirmation of, 94 
period of, 96 


pinch, 94 
problems, 99 
of the stellarator, 110 
Stellarator approach, summary, 166 
Stellarator program, 33 ff, 106 ff 
Streak camera, 80 

Table top, 60, 61, 120 
Table top II, experiments with, 122 
Temperatures, high, 6 
Thermonuclear conditions, 15, 18, 
24 

Thermonuclear devices, 14, 43 
Thermonuclear reactions, 16 

in the sun and other stars, 179 ff 
Three-stage toy top, 122 
Toroid, 22, 25, 31, 99 
Toroidal configuration, 112 
Torus, 33, 118 
Toy top, 120 
model, 63 
Triaxial pinch, 104 
Tritium, 3, 13, 14, 42 
Tubular pinch experiment, 104 

Unpromising approaches, 181 ff 
Useful power, development of, 13 

Z-value, 10 


















